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Abstract 
This thesis focuses on understanding the use of air injection as a means of controlling 
rotating stall in an axial flow compressor, involving modeling, dynamical systems 
analysis, and experimental investigations. 
The first step towards this understanding was the development of a low order 
model for air injection control, the starting point of which was the Moore and 
Greitzer model for axial flow compressors. The Moore and Greitzer model was 
extended to include the effects of air injection and bifurcation analysis was performed 
to determine how the closed loop system dynamics are different from those of the 
open loop system. This low order model was then used to determine the optimal 
placement of the air injection actuators. 
Experimental work focused on verifying that the low order model, developed for 
air injection actuation, qualitatively captured the behavior of the Caltech compres- 
sor rig. Open loop tests were performed to determine how the placement of the air 
injectors on the rig affected the performance of the compressor. The positioning 
of the air in~ectors that provided the greatest control authority were used in the 
development of air injection controllers for rotating stall. The controllers resulted 
in complete elimination of the hysteresis associated with rotating stall. The use of 
a throttle actuator for the control of the surge dynamics was investigated, and then 
combined with an air injection controller for rotating stall; the resulting controller 
performed quite well in throttle disturbance rejection tests. 
A higher order model was developed to qualitatively match the experimental 
results with a simulation. The results of this modeling effort compared quite well 
with the experimental results for the open loop behavior of the Caltech rig. The 
details of how the air injection actuators affect the compressor flow were included 
in this model, and the simulation predicted the same optimal controller that was 
developed through experimentation. 
The development of the higher order model also included the investigation of 
systematic methods for determining the simulation parameters. Based on experi- 
mental measurements of compression system transients, the open loop simulation 
parameters were identified, including values for the compressor performance char- 
acteristic in regions where direct measurements were not possible. These methods 
also provided information on parameters used in the modeling of the pressure rise 
delivered by the compressor under unsteady flow conditions. 

Contents 
Introduction 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 Background 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2 Previous Work 4 
. . . . . . . . . . . . . . . . . . . . . .  1.2.1 Modeling and analysis 4 
. . . . . . . . . . . . . . . . . . . . . . .  1.2.2 Experimental results 5 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2.3 Identification 6 
. . . . . . . . . . . . . . . . . . . . . . .  1.3 Contributions of this Work 7 
. . . . . . . . . . . . . . . . . . . . . .  1.3.1 Modeling and analysis 8 
. . . . . . . . . . . . . . . . . . . . . . .  1.3.2 Experimental results 8 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  1.3.3 Identification 9 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.4 Outline of Thesis PO 
2 Low Order Modeling. Analysis and Control 11 
. . . . . . . . . . . . . . . . . . .  2.1 Overview of Compression Systems 12 
. . . . . . . . . . . . . . . . . . . . . . . . . .  2.2 Moore-Greitzer Model 13 
. . . . . . . . . . . . . . . . . .  2.2.1 Description and assumptions 14 
. . . . . . . . . . . . . . . . . . . . . . .  2.2.2 Reduction to MG-3 16 
. . . . . . . . . . . . . . . . . . . . . . .  2.2.3 Bifurcation analysis 17 
. . . . . . . . . . . . . . .  2.3 Moore-Greitzer Model with Air Injection 19 
. . . . . . . . . . . . .  2.3.1 Compressor characteristic shift effects 20 
. . . . . . . . . . . . .  2.3.2 Mass and momentum addition effects 22 
. . . . . . . . . . . . . . . . . . . .  2.4 Control in the Presence of Surge 25 
3 High-fidelity Modeling 33 
. . . . . . . . . . . . . . . . . . . . .  3.1 Unactuated Distributed Model 33 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.1.1 Description 34 
3.1.2 Unactuated equations . . . . . . . . . . . . . . . . . . . . . .  35 
. . . . . . . . . . . . . . . . . .  3.2 Distributed Model with Air Injection 37 
4 Description of Experiment 4 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.1 Compressor System 41 
. . . . . . . . . . . . . . . . . . . . . . .  4.1.1 Sensor/actuator ring 43 
4.1.2 Compressor . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 
4.1.3 Bleed valve . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 
. . . . . . . . . . . . . . . . . . . . . . . .  4.1.4 Computer interface 45 
. . . . . . . . . . . . . . . . . . . .  4.2 Unactuated Compressor Behavior 45 
. . . . . . . . . . . . .  4.2.1 Compressor performance characteristic 45 
. . . . . . . . . . . . . . . . . . . . . .  4.2.2 Stall cell development 46 
. . . . . . . . . . . . . . . . . . . . .  4.3 Actuated Compressor Behavior 47 
5 Experimental Closed Loop Control of Stall and  Surge 53 
. . . . . . . . . . . . . . . . . . . . . .  5.1 1-D Rotating Stall Controller 53 
. . . . . . . . . . . . . . . . . . . . . .  5.2 2-D Rotating Stall Controller 55 
. . . . . . . . . . . . . . .  5.2.1 Optimal placement of air injectors 55 
. . . . . . . . . . . . . . . .  5.2.2 Description of control algorithm 56 
. . . . . . . . . . . .  5.2.3 Parametric search for optimal controller 58 
5.2.4 Pulsed air injection control in the presence of surge dynamics 67 
. . . . . . . . . . . . . . . . . . . . . .  5.3 Bleed Valve Control of Surge 70 
. . . . . . . . . . . .  5.4 Combined Control of Rotating Stall and Surge 71 
6 Identification a n d  Validat ion 75 
. . . . . . . . . . . . . . . . .  6.1 Experimental Apparatus Configuration 76 
. . . . . . . . . . . . . . . . .  6.2 Identification Using Surge Cycle Data 76 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2. P Pure surge 77 
. . . . . . . . . . . . . . . . . . . .  6.2.2 Including stall amplitudes 81 
. . . . . . . . . . . . . .  6.3 Step Response on the Stable Side of 8, (a) 84 
. . . . . . . . . . . . . . . . . . . . . .  6.4 Local Measurement of Q, (a) 86 
6.4.1 Determination of unsteady loss parameters . . . . . . . . . .  87 
. . . . . . . . . . . . . . .  6.4.2 Comparison with surge cycle results 87 
. . . . . . . . . . . . . . . . . . . . . .  6.5 Comparisons with Simulation 87 
. . . . . . . . . . . . . . . . .  6.5.1 Identification of a known model 88 
. . . . . . . . . . . . . . . . . . . .  6.5.2 Unsteady loss parameters 90 
. . . . . . . . . . . .  6.5.3 Open ]loop simulations of surge and stall 92 
7 Simulation Results 93 
. . . . . . . . . . . . . . . . . . . . . . . . . .  7.1 Open Loop Simulation 93 
. . . . . . . . . . . . . . . . . . . . . . . .  7.1.1 Hysteresis regions 94 
. . . . . . . . . . . . . . . . .  7.1.2 Stall cell growth rate matching 95 
. . . . . . . . . . . . . . . . . . . . .  7.1.3 Amplitude of surge cycle 95 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.1.4 Noise issues 98 
. . . . . . . . . . . . . . . . . .  7.2 Continuous Air Injection Simulations 99 
. . . . . . . . . . . . . . . . .  7.3 Closed Loop Air Injection Simulations 99 
. . . . . . . . . . . . . . . .  7.3.1 Parametric study on simulations 100 
. . . . . . . . . . . . . . . . . . . . . . . . .  7.3.2 Parametric study 101 
7.3.3 Closed loop compressor characteristic simulations . . . . . . .  PO2 
. . . . . . . . . . . . . . . . . . . . . .  7.4 System Level Considerations 104 
. . . . . . . . . . . .  7.4.1 Recirculation for air injection controllers 104 
. . . . . . . . . . . . . . . . . . . . . .  7.4.2 Bleed valve controllers 105 
7.4.3 Effects of controllers on downstream components . . . . . . .  105 
8 Conclusions 187 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.1 Summary 107 
. . . . . . . . . . . . . . . . . . . . . . . . . .  8.2 Areas for Future Study 108 
A Experimental Setup Details 111 
. . . . . . . . . . . . . . . . . . . .  A.l Compressor Experimental Details 111 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.l.l  Compressor 111 
. . . . . . . . . . . . . . . . . . . . . .  8.1.2 Plenum and duct work 112 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.2 Sensing 112 
. . . . . . . . . . . . . . . . . . . . . . .  A . 2.1 Pressure transducers 112 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.2.2 Hotwire 112 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.3 Actuation 112 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  A.3.1 Air injectors 112 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.3.2 Bleed valve 113 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.3.3 Throttle I13 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 . 4  Interface Hardware 113 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.4.1 DAS1602 113 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.4.2 Filters 113 
. . . . . . . . . . . . . . . . . . . . . . . . .  A.4.3 Data acquisition 114 
B Unactuated Rig Behavior 115 
. . . . . . . . . . . . . .  B.1 Pressure Rise delivered by Rotor and Stator 115 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  B.2 Transition to Stall 115 
. . . . . . . .  B.2.1 Hot-wire measurements of multiple stall modes 115 
. . . . . . . . . . . . . . . .  B.2.2 Hot-wire measurements over span 116 
C Characterization of Air Injectors 119 
. . . . . . . . . . . . . . . . . .  C.l Flow Characterization Measurements 119 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C.l.l Mass flux 122 
. . . . . . . . . . . . . . . . . . . . . . . . . .  C.1.2 Momentum flux 123 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  (2.1.3 Energy flux 123 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C.1.4 Summary 124 
. . . . . . . . . . . . . . . . . . . . . . .  C.2 Air Injector Activation Lags 125 
D Using Static Pressure Measurements 127 

List of Figures 
1.1 Typical components of the stability stack for a jet engine . . . . . . .  
1.2 Emmons model for stall cell propagation . . . . . . . . . . . . . . . .  
. . . . . . . . . .  2.1 Schematic of compression system used for modeling 
2.2 Compressor and throttle characteristics . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . .  2.3 Open loog bifurcation diagram 
2.4 Unstalled (solid) and stalled (dashed) compressor characteristics . . .  
. . . . . . . . . . . .  2.5 Closed loop bifurcation diagram for various gains 
2.6 Saturated closed loop bifurcation diagram . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . .  2.7 Schematic of air injection actuator 
2.8 Closed loop bifurcation diagram required in decoupling analysis . . .  
3.1 Modal content of two air injection models . . . . . . . . . . . . . . . .  
4.1 Caltech compressor rig in rotating stall configuration . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 Sensor ring 
. . . . . . . . . . . . . . . . . . .  4.3 Caltech rig compressor characteristic 
4.4 Annulus pressure transducer data for the transition to rotating stall . 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.5 Bistable rotating stall 
. . . . . . .  4.6 Compressor characteristics for various air injection angles 
4.7 Change in hysteresis for different air injection positions . . . . . . . .  
4.8 Parametric study details . . . . . . . . . . . . . . . . . . . . . . . . .  
4.9 Change in stalling flow coefficient for different injection geometries . . 
4.10 Change in stalling pressure rise coefficient for different injection ge- 
. .  . .  . . . . . . . . . . . . . . . . . . . . . . . . .  ometries ... . 
5.1 Closed loop compressor characteristic. non-overlapping hysteresis . . .  
5.2 Closed loop compressor characteristic. overlapping hysteresis . . . . .  
5.3 Compressor characteristic at air injection angle of 40 degrees . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.4 Control Algorithm 
5.5 Parametric study. je ton = 15 . . . . . . . . . . . . . . . . . . . . . .  
5.6 Parametric study, results for various values of je ton . . . . . . . . . .  
5.7 Stall cell position relative to air injector position . . . . . . . . . . . .  
5.8 Injector Control Law . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  5.9 Time traces of closed loop operation 
5.10 Comparison of surge-like ringing for different duct lengths . . . . . . .  
5.11 Closed loop compressor characteristic, overlapping hysteresis . . . . .  
5.12 Closed loop compressor characteristic. non-overlapping hysteresis . . .  67 
5.13 Controller performance at two different throttle settings . . . . . . . .  68 
5.14 Effects of pulsed air injection controller on the surge dynamics . . . .  69 
5.15 Bipolar closed loop throttle controller for surge . . . . . . . . . . . . .  70 
5.16 Unipolar closed loop throttle controller for surge . . . . . . . . . . . .  71 
5.17 Open loop system response to throttle disturbance . . . . . . . . . . .  72 
5.18 Combined air injection controller for rotating stall and bleed valve 
controller for surge . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 
6.1 Experimental surge cycle data from the Caltech rig . . . . . . . . . .  
6.2 Compressor characteristic results from surge model identification . . .  
6.3 Compressor characteristic results from stall model identification . . .  
6.4 Comparison between stall model and experimental data . . . . . . . .  
6.5 Step response of compression system . . . . . . . . . . . . . . . . . . .  
6.6 Effective throttle position y versus bleed valve angle . . . . . . . . . .  
6.7 Experimental data for local measurement of Qc($) . . . . . . . . . . .  
6.8 Comparison of Qc(4) obtained using local measurements and surge 
cycle data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6.9 Surge identification results based on simulation outputs . . . . . . . .  
6.10 Simulated transient response of local compressor characteristic . . . .  
6.11 Comparison of simulation with experimental data for compressor per- 
formance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1 Piecewise continuous compressor characteristic . . . . . . . . . . . . .  94 
7.2 First mode rotating stall growth sate . . . . . . . . . . . . . . . . . .  96 
7.3 Surge cycle amplitudes for different amplitudes of noise . . . . . . . .  97 
7.4 Surge period as noise amplitude is varied . . . . . . . . . . . . . . . .  97 
7.5 Shifted compressor characteristics . . . . . . . . . . . . . . . . . . . .  100 
7.6 Continuous air injection hysteresis loop . . . . . . . . . . . . . . . . .  101 
7.7 Simulation parametric study . . . . . . . . . . . . . . . . . . . . . . .  102 
7.8 Simulated closed loop compressor characteristic . . . . . . . . . . . .  103 
7.9 Simulated closed loop compressor characteristic with only shift effects . 103 
7.10 Effective compressor characteristic using simple recirculation model . 105 
B.l Pressure rise delivered by the rotor and the stator . . . . . . . . . . .  116 
B.2 Two different compressor system states for a fixed throttle setting . . 117 
B.3 Hotwire measurements near the rotor face at various span positions . 118 
C.l Air Injection on the Caltech rig: some physical parameters . . . . . .  120 
C.2 Compressor characteristics, with and without air injection . . . . . .  120 
C.3 Velocity profile of the in~ected air at the compressor face . . . . . . .  121 
C.4 Time delays for air injectors . . . . . . . . . . . . . . . . . . . . . . .  126 
List of Tables 
4.1 Able 29680 axial fan aerodynamic parameters . . . . . . . . . . . . .  44 
6.1 Caltech compressor surge configuration parameters . . . . . . . . . . .  83 
6.2 Convergence of identification scheme on simulation data . . . . . . . .  89 
1 Simulation parameters for the Caltech rig . . . . . . . . . . . . . . . .  94 
7.2 Surge frequency as noise amplitude is varied . . . . . . . . . . . . . .  98 
A.1 Rotor blade shape parameters . . . . . . . . . . . . . . . . . . . . . .  1 PI 
C.1 Polynomial fit of air injector velocity profile . . . . . . . . . . . . . . .  122 
C.2 Results of control authority calculations . . . . . . . . . . . . . . . . .  I 24  

List of Symbols 
Symbol Description and page when applicable 
Duct area, 12 
Amplitude of the nth circumferential Fourier mode of rotating 
stall flow perturbation, 16 
Greitzer surge parameter, 14 
Mean velocity in the compressor annulus, 24 
Pressure difference, 12 
Velocity perturbation at station 1, 24 
Velocity perturbation at station 2, 24 
Flow coefficient perturbation, 15 
Total pressure perturbation at station 1, 24 
Total pressure perturbation at station 2, 24 
Perturbation velocity potential, 15 
Singular perturbation parameter, 25 
Nondimensional axial position, 15 
Throttle coefficient, proportional to throttle opening, 13 
Square amplitude of the first circumferential Fourier mode of 
rotating stall, 17 
Inertia parameter for fluid in the rotor, 14 
Effective overall compressor duct length, 14 
Nondimensional exit duct length, 14 
Nondimensional inlet duct length, 14 
Total pressure loss across the rotor, 34 
Steady total pressure loss across the rotor, 35 
Total pressure loss across the stator, 34 
Steady total pressure loss across the stator, 35 
Mass flow rate, 12 
Amplitude of the nth circumferential Fourier mode of rotating 
stall static pressure perturbation, 81 
Inertia parameter for fluid in the compressor, 14 
Static pressure downstream of the compressor, 14 
Annulus average flow coefficient, 12 
Flow coefficient at station 1, 24 
Flow coefficient at station 2, 24 
Pressure rise coefficient, 14 
Steady state compressor performance curve, 12 
Isentropic total pressure rise across the compressor, 34 
Total pressure at the compressor inlet, 15 
Density of air, 12 
Mean rotor radius, 14 
Phase of the nth circumferential Fourier mode of rotating stall, 
16 
time, 14 
Unsteady loss dynamics time constant, 35 
Circumferential position around the compressor annulus, 14 
Velocity of rotor at mean wheel radius, 12 
Nondimensional time in rotor radians [ = t&, 14 
Chapter 1 
Introduction 
1.1 Background 
The design process for gas turbine engines has become quite mature in the sense 
that substantial performance increases have become harder to achieve. While most 
avenues in the design process have been deeply explored, one area of performance 
enhancement that has not be fully exploited is that of control. One reason for 
this is that the amount of complexity added by a control system has been, until 
recentlyq a rna~or concern. Currentlyq the presense of full authority digital engine 
controllers (FADECS) on most modern aircraft has decreased the amount of addi- 
tional hardware required to take advantage of more sophisticated control techniques. 
In addition to computation power, engine hardware is also being added to aid en- 
gine operability and to help eliminate startup transients. This additional equipment 
could also be exploited for control purposes. 
It was recently shown that passive control techniques can be used to increase 
both engine efficiency and power output on actual full scale engines. The simulation 
study by Smith et al. [42] reported a 15% increase in thrust and 3% decrease in fuel 
consumption with the use of a controller that scheduled engine parameters, and 
experimental validation of these results was presented by Gilyard and Orme [17]. 
The experiments involved subsonic flight tests of an F-15 airplane at the NASA 
Dryden Flight Research Center, and showed up to 15% increase in thrust and a 
1-2% decrease in fuel consumption. These increases in performance and efficiency 
for one of the highest performance aircraft in the world suggest that other aircraft 
would also see benefits from similar controls. 
The preceding results show that performance and efficiency can be increased 
by using passive control techniques, and suggest that active techniques could also 
be beneficial. This thesis investigates one active technique that results in perfor- 
mance improvements by allowing the operation of the engine in previously unusable 
regions. These unusable regions are typically due to the presense of instabilities 
in the compression system under low flowlhigh pressure rise conditions; unfortu- 
nately the peak performance of the compressor is also achieved near the operating 
conditions at which these instabilities occur. 
Two of the performance limiting factors for which active control holds promise 
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Figure 1.1 Typical components of the stability stack for a jet engine. 
are rotating stall and surge. Rotating stall is a non-axisymmetric instability that 
is localized to the compressor, and involves periodic stalling and unstalling in the 
blade passages. Surge is a violent system Bevel axisymmetric oscillation that is due 
to the overall dynamics of the pumping system. 
Figure 1.1 shows a stability stack for a typical jet engine, which is a graph of 
the amount of margin required to avoid performance limiting instabilities due to 
different factors. On the left side of the figure, several compressor performance 
characteristics are shown along with the stability stack. These characteristics show 
the pressure that is delivered by the compressor at a given flow rate. The nominal 
stability line is where a compressor system would start to exhibit some sort of 
instability (typically rotating stall or surge) under ideal operating conditions. Since 
the operating conditions are never ideal, the compressor must be operated some 
distance away from this curve in order to avoid instability. The stability margin for 
a given effect is the distance away from the nominal stability line that the compressor 
must be operated in order to avoid instability. Examples of effects for which stability 
margins are included are distortion and power transients; others are listed in the 
figure. The nominal steady state operating line is the curve where compressor system 
would start to exhibit instability under worst case operating conditions. This worst 
case is obtained by adding up all of the individual margins, and this sum of all of 
the individual margins is called the stability stack. The stability stack therefore 
tells how much margin must be included in order to avoid instability. An open area 
of research is in determining how to sum the individual margins into the stability 
stack; it is not clear that a linear combination is the correct way to combine the 
margins. Each of the components in the stack could possibly be decreased if the 
performance limiting instabilities (rotating stall and surge) could be damped by 
active control. In order to better describe the possibilities for active control, further 
description of the performance limiting instabilities is now in order. 
1.1. Background 
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/ 
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Figure 1.2 Emmons model for stall cell propagation. 
The Emmons [13] model for rotating stall is shown in Figure 1.2, and provides 
a simple explanation for stall cell formation and propagation. As the throttle on 
the compressor is slowly closed, the angle of attack on the blades increases to a 
point where the flow separates on one of the blades; this creates a blockage that 
the flow is redirected around. This flow redirection causes the angle attack for the 
passage below the stalled region to be decreased; this makes this lower passage less 
likely to stall. On the blade passage above the stalled passage the angle of attack is 
increased; this makes this above passage more likely to stall. This effect causes the 
stall cell to rotate around the compressor annulus. 
Surge is caused by the alternating storage and release of compressed air in the 
downstream ducting of the compressor. The compressibility of the air acts as a 
spring system, and the nonlinear compressor performance characteristic provides 
negative damping to this spring system under some operating conditions, and this 
effect leads to surge. 
While these two instabilities are often modeled as separate phenomena, there is 
coupling between them, and rotating stall is a precursor to the onset of surge in many 
engines. In fact, recent work by Day [12] suggests that rotating stall causes the onset 
of surge. In addition to the coupling with surge, rotating stall has a large hysteresis 
loop associated with it. This hysteresis results in the requirement of large swings 
in operating conditions in order to recover from a stalled condition (in practice, 
recovery is usually accomplished by shutting the engine down and restarting it). A 
more detailed description of these and other instabilities that limit the performance 
of compression systems can be found in the survey paper by Greitzer [19]. 
While these two instabilities limit performance, there are other reasons that they 
must be avoided. On high speed engines (high speed refers to the Mach number 
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being high, and therefore that compressibility effects are important), rotating stall 
leads to drastic increases in compressor stage temperature and can lead to titanium 
fires [12]. During deep surge, reverse flow through the engine can lead to combustion 
gases exiting the engine inlet and can create large pressure spikes in the combustor. 
Rotating stall and surge must therefore be avoided not only because of the perfor- 
mance limitations that they are associated with, but also because they can cause 
severe damage to, or even failure of, the engine. Active control research for axial 
flow compressors therefore focuses on developing techniques for both decreasing the 
performance limitations associated with these instabilities and on developing active 
disturbance rejection techniques for avoiding them. 
1.2 Previous Work 
This thesis builds on several research areas which currently make up the state of 
the art in active control of rotating stall and surge. Ideas from compression system 
modeling, dynamical systems analysis, and experimental turbomachinery are com- 
bined in this thesis, and an overview of the recent work in these fields which has 
been applied to active control of compression systems is presented here. 
1.2.1 Modeling and analysis 
The centerpiece of nearly all theoretical work in the area of control of rotating stall 
and surge for axial flow compressors is the model developed by Greitzer beginning 
with [18] and Moore in [34]. Their work culminated in what is now referred to as 
the MG-3 model, for Moore and Greitzer three state model, and was first presented 
in [35]. This work is significant because it provides a low order nonlinear model which 
captures many of the qualitative features seen in these types of compression systems. 
Initial work at showing how the MG-3 model captures the behavior previously seen 
in experiments was performed by the same authors [20]. The Moore and Greitzer 
model consists of a partial differential equation (PDE) which describes the dynamics 
of an axial flow compressor. By assuming a potential flow solution for the flow 
perturbations in the inlet duct in the form of a Fourier series, the MG-3 model can 
be developed from this PDE by truncating the series at a single mode. 
The first dynamical systems analysis performed on this model was presented by 
McCaughan in [32] and [33], where it was shown that the transition to rotating 
stall is captured as a transcritical bifurcation and that the transition to surge is 
captured as a Hopf bifurcation in the MG-3 model. Greitzer originally developed 
the B parameter [18] in order to calculate whether a given compressor would surge or 
transition to rotating stall, and McCaughan showed that the value of this parameter 
in the MG-3 model did help decide which of the instabilities would be dominant. She 
went on to show that the phenomena of classical and deep surge and the hysteresis 
associated with the jump to rotating stall were a11 present in the model, and could be 
explained from a dynamical systems standpoint. A similar analysis was performed 
by Abed et al. [I]. 
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While the MG-3 model does capture much of the qualitative behavior of axial 
flow compressors, it does a poor job of quantitatively matching experimental data. 
In order to better match experimental measurements of rotating stall dynamics other 
researchers have included more terms in the Fourier series of the original Moore and 
Greitzer PDE description, and have extended the model to include additional effects. 
These additional modes and effects increase the order of the model substantially, 
but result in better correlation with experimental data. One of the most successful 
modeling examples was presented by Mansoux et al. [31], where time traces from flow 
measurements directly upstream of the compressor rotor face matched simulation 
results extremely well. The model used by Mansoux et al. has been labeled as the 
distributed model and includes higher Fourier modes for the flow perturbations at 
the rotor face as well as dynamics for the presure rise delivered by the compressor 
as the flow rate through the system is changed. These dynamics (also referred to 
as unsteady loss dynamics) for the response of the compressor pressure delivery to 
changes in the flow conditions were suggested by Haynes et al. [23], and are essential 
for matching simulation and experimental data. 
Initial work in active control for axial flow compressors focused on designing 
throttle controllers for the Pow order MG-3 model. Throttle control techniques are 
one dimensional in nature since they act only on the circumferential averaged flow 
through the compressor. Liaw and Abed 6301 developed the first model based con- 
troller for rotating stall. The most interesting aspect of their results is that the 
control law can eliminate the hysteresis loop associated with rotating stall. This 
is accomplished by stabilizing an unstable solution to the MG-3 equations which 
corresponds to small amplitude rotating stall (small is relative to the fully devel- 
oped rotating stall that is open loop stable in the MG-3 model). Additional throttle 
controller design on the MG-3 model was performed by KrstiC et al. 6291 using back- 
stepping techniques. The resulting controllers had similar effects of stabilizing the 
unstable equilibria associated with small amplitude rotating stall and, in addition, 
stabilized the surge dynamics. 
The first extensive studies on 2-D actuation schemes for preventing rotating 
stall were performed by Hendricks and Gysling [24]. This work compared the linear 
stability of different actuator and sensing strategies to determine which was the most 
successful at extending the operating region of a compressor system. The result 
for actuation techniques was that the injection of air upstream of the rotor was 
the most promising method of controlling the transition to rotating stall. Further 
work on modeling air injection was presented by Gysling [22], where aeromechanical 
feedback was used to open a set of air injection ports upstream of the compressor 
face in response to static pressure perturbations at the outer wall of the compressor 
annulus. 
1.2.2 Experimental results 
There are several active control techniques that have been experimentally shown to 
decrease the detrimental effects of rotating stall in axial flow compressors, including 
active inlet guide vanes, high speed bleed valves, and air in~ection. 
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Control using inlet guide vane actuators works by damping out the small ampli- 
tude circumferential flow perturbations which grow into rotating stall. Paduano et 
al. [38, 391 and Haynes et al. [23] have both succeeded in controlling rotating stall 
using this type of actuation. By damping out the first several circumferential Fourier 
modes of the inlet flow perturbations, inlet guide vanes have been successfully used 
to extended the operating region of full size axial flow compressors. These methods 
provided as high as 18% decrease in the stalling mass flow [39]. 
High speed bleed valves work to control rotating stall by using the coupling be- 
tween the surge and the rotating stall dynamics as described by the MG-3 model. 
Experimental results for controlling rotating stall using this method were presented 
by Badmus et al. [3], and a combined surge and rotating stall bleed valve controller 
was presented by Eveker et al. [15]. These actuators have been successful at elimi- 
nating the hysteresis associated with rotating stall and stabilizing the surge dynam- 
ics. One area which is problematic is the requirement of relatively high bandwidth 
actuators in order to control rotating stall using this actuation method. 
Air injection has also proven successful at controlling rotating stall in experi- 
ments. Gysling's work [22] was based on using aeromechanical feedback for con- 
trolling a circumferential array of air injectors upstream of the rotor face. The 
aeromechanical feedback was based on the increased static pressure that is present 
in regions of the compressor annulus where rotating stall occurs. By clever valve 
design, this effect was used to inject air which damped out small amplitude flow 
perturbations at the compressor inlet which would have grown into rotating stall 
cells. This actuation scheme provided for a 10% decrease in the stalling mass flow 
rate through the compressor for the closed loop case, compared with the steady air 
injection case. Twenty-four valves where used to accomplish this control technique, 
and the mass flow addition was approximately 4% of the stalling mass flow rate. 
Further work using air injection to control rotating stall was performed by 
Day [lo]. His work focused on using several different techniques for damping out 
the flow perturbations which grow into rotating stall cells. Two methods were 
investigated, one which attempted to measure the rotating stall modes (using hot- 
wires) and cancel them, and a second which measured local flow perturbations and 
attempted to reject them individually. Both of these methods were successful at 
extending the operating region of the compressor system. Day also showed that this 
sort of rotating stall control has a beneficial effect of damping out surge oscillations. 
D9Andrea et al. [9] showed that the effect of continuous air injection was to 
shift the steady state compressor performance characteristic and then explored the 
use of this for closed loop control. The result was a controller which eliminated the 
hysteresis region associated with rotating stall. Further work by the same authors [8] 
showed results for air injection control of rotating stall and surge that are similar 
to those of Day [lo], even though the injected air flow was not axial in nature. 
1.2.3 Identification 
While the identification of parameters for both the MG-3 model and the higher 
fidelity distributed model has been an important task, it has not been addressed 
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systematically. Some of the parameters can be estimated from direct measurements 
on the compressor, but some are more problematic. 
Part of the reason for this has been that the engine must normally be operated 
outside of the region where the models discussed so far are centered, i.e. a compressor 
would not normally be operated under conditions where it would transition to surge 
or rotating stall. The primary reason for this is that operating in regions where 
surge and rotating stall are present can damage the rig. Experimental data in 
these regions is however very important for developing simulations which accurately 
predict the system behavior, and the rig must be operated in this region for some 
period of time in order to develop accurate models. 
There is also a fundamental difficulty in determining some of the parameters 
involved in the compressor models. This is primarily associated with gaining knowll- 
edge of the steady unstallled compressor performance map. This map describes the 
pressure rise delivered by the compressor for a given flow rate under steady con- 
ditions. The models require knowledge of this map in regions where the unstalled 
case is not a stable operating point. 
The original presentation of the distributed model by Mansoux et al. [3P] in- 
cluded the results from an identification of three separate compressors in use at 
MIT. The procedure for development of the compressor performance maps involved 
running simulations for the transition to rotating stall and comparing the results to 
experimental data. The simulation parameters were then iterated on until the sim- 
ulation and the experimental data matched. This procedure can be quite successful, 
but is time consuming. 
Other parameters involved in the models are estimated from physical consider- 
ations and then "adjusted" to match simulations with experimental data. A prime 
example of this is the values for the time constants associated with the unsteady loss 
dynamics. There has not been a systematic treatment of a proper way to identify 
all of the parameters. 
1.3 Contributions of this Work 
Part of the focus of this thesis is to develop a model which explains the air injection 
control strategy that has been developed through experiment on the Caltech rig. 
The MG-3 model is extended to include the effects of air injection and a dynamical 
systems style analysis is performed to determine how the closed loop system dy- 
namics will be different from those of the open loop system. This low order model 
is then shown to capture qualitatively the effects seen in experiments and used to 
select parameters for the placement of the air injection actuators. A higher order 
model, based on the previously described distributed model of Mansoux et al. [31], 
is used to develop a quantitative match between the experiment and a simulation. 
In addition to the modeling and simulation work, this thesis also presents further 
experimental results in the use of air injection for the control of rotating stall. The 
results include a geometric search for the optimal placement of the actuators, and 
experiments on combined air injection control of rotating stall with bleed valve 
control of surge. 
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1.3.1 Modeling and analysis 
In this work, the MG-3 model is extended to include the effects of air injection. 
The air injection is included in two parts: a shift of the compressor steady state 
performance characteristic, and a more detailed model of the mass and momentum 
addition terms that the air injection actuator adds to the Moore and Greitzer PDE 
description. The compressor performance characteristic shifting is similar to the 
idea presented by Gysling [22]. The development of the mass and momentum terms 
is similar to the linear model presented by Hendricks and Gysling [24], although 
here a full nonlinear model is utilized. 
For the shift effect, the closed loop, low order model is analyzed to determine 
the effects on the bifurcations which capture the transition to rotating stall. This is 
accomplished by comparison with the open loop bifurcation diagrams for the MG-3 
model. From this analysis, optimal choices for how the air injection actuators should 
be implemented on the system are determined. 
Additional analysis is performed to show the separation of surge controller de- 
sign from the stall controller design. This allows the analysis for the air injection 
controller case to be combined with a simple linear throttle controller design for 
surge, and provides conditions for when this combination will be stable. 
A higher order distributed model which includes the effects of air injection de- 
scribed above was then developed. This model was used to qualitatively match 
the compressor performance observed in experiments. Additional effects were also 
included such as the air injection actuator dynamics and system transport delays. 
1.3.2 Experimental results 
The experimental results which make up this work include both open and closed 
loop experiments. The experiments include results for control of rotating stall, 
surge, and the combination of these instabilities. 
An open loop study of how air injection affects the compressor performance map 
with respect to rotating stall was performed; this involved two parametric studies of 
the geometric parameters associated with the upstream air injectors. The first study 
focuses on the positioning of the air injectors relative to the rotor. The span position 
in the compressor annulus where the injected air reaches the rotor is investigated, as 
well as the angle relative to the compressor axis at which the air is injected. In the 
second parametric study, the amount of injected air is varied in order to determine 
the minimum amount of injection required to achieve the decrease in stalling flow 
rate and the reduction in the size of the hysteresis loop. This study is of particular 
interest since the viability of air injection actuation on real gas turbine engines 
depends on using very low amounts of injected air. 
The original closed loop experiments using pulsed air injection to control rotating 
stall on the Caltech rig were presented in [7, 8, 91 and represent joint work with 
R. D'Andrea. Further investigations of this control strategy are presented here. 
A control strategy for the elimination of the surge cycle oscillations using a bleed 
valve is investigated. This strategy was originally suggested by Eveker et al. [15]. In 
addition, closed loop experiments showing how a combined controller which uses this 
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bleed valve controller to stabilize the surge dynamics and an air injection controller 
for rotating stall performs are presented. The results show an improvement in 
the elimination of the surge limit cycle over the air injection controller alone, and 
the feasibility of combining control designs for each of the two compression system 
instabilities. 
Detailed measurements of the behavior of the air injection actuators were per- 
formed in order to develop a model for use in simulations of the closed loop compres- 
sor/air injector system. Tests included the measurement of the dispersion pattern 
at the jet exit, and the results were used to calculate the mass/momentum/energy 
content of the injected air. The time delays (including the lags of the electronics 
driving the mechanical valves and the transport delay for the fluid) between com- 
mand signals for opening of the injectors and the arrival of injected air at the rotor 
face were also measured. 
1.3.3 Identification 
A systematic procedure for using experimental measurements of the behavior of 
axial flow compressors to develop a distributed model representation is presented. 
This procedure was validated on the Caltech rig. Many of the rig's geometric pa- 
rameters were initially determined by measurements on the rig and from details 
about the compressor itself. Further refinements were made by a series of dynamic 
measurements of compressor transients. The transients included fixed throttle mea- 
surements of surge cycles, step changes in the throttle position, and fixed throttle 
measurements of rotating stall cycles. 
Expermental data taken over surge cycles was used to back out the compressor 
performance characteristic curve in regions were the rig cannot be operated in a 
steady condition. This technique provides a straightforward method for determining 
the compressor characteristic over a wide range of flow rates and also provides 
uncertainty values for the compressor performance map, which aid in the assessment 
of robustness for control techniques. This identification scheme also gives results 
for the system parameters when the rig is in its surge configuration. The transient 
data from step changes in the throttle position was used to determine parameters 
for the rig operating in the rotating stall configuration. 
A final method of identifying the compressor performance map and testing one 
of the assumptions of the Moore and Greitzer model was performed. The local pres- 
sure rise and flow rate across the rotor was measured during rotating stall cycles. 
Previous testing on the Caltech rig had shown that the stall events occur on the 
rotor and that greater than 90% of the pressure rise delivered by compressor oc- 
curred here. When these two items are taken into account, the results between the 
surge transient identification scheme described above and this local scheme are in 
agreement. This local scheme also gives a method of directly measuring the impor- 
tance of the unsteady loss dynamics terms, through the comparison of simulation 
and experimental data. 
Finally, this identification technique was applied to the output from a distributed 
model simulation. The results of this study were used to determine the sensitivity 
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of the identification algorithm. 
1.4 Outline of Thesis 
Chapters 2 and 3 contain the basic modeling and analysis results contained in this 
thesis. Chapter 2 contains an introduction to the Moore and Greitzer PDE descrip- 
tion of rotating stall and surge in axial flow compressors and its reduction to MG-3. 
The fluid mechanical modeling of the air injection actuators is also presented. This 
chapter also contains an overview of the bifurcation analysis that others have per- 
formed on MG-3 and a bifurcation analysis of one closed loop air injection system. 
Chapter 3 contains a description of the distributed model used to simulate the 
Caltech rig, including the unsteady loss dynamics. 
Experimental results are presented in Chapters 4 and 5. Chapter 4 contains a 
description of the Caltech rig, including information on all of the main components 
used in experiments presented in later chapters. This chapter also includes mea- 
surements of the transition to rotating stall for the open loop compressor system, 
and the parametric study of the effects of continuous air injection on the compressor 
performance characteristic. Chapter 5 contains the experimental results for closed 
loop control of rotating stall using pulsed air injection. These results have previ- 
ously been reported in [8], but the presentation here is more through. Additional 
experiments involving bleed valve control of surge and a combined surge (bleed 
valve)/rotating stall (air injection) controller are also included in this chapter. 
The model identification and simulation results are presented in Chapters 6 
and 7. Chapter 6 contains a description of the identification schemes used to de- 
velop parameters for the distributed model of the Caltech rig. The results of these 
identification schemes are used in simulating the distributed model presented in 
Chapter 3. Chapter 7 contains simulation studies that were performed using this 
distributed model. These studies include comparisons between simulation output 
and experimental data, and the closed loop simulation of the air injection controller. 
Chapter 8 contains discussion, conclusions, and suggestions for future work in 
this research area. 
Chapter 2 
Low Order Modeling, Analysis and Control 
The model which has had the most success in qualitatively capturing the dynamics 
of rotating stall and surge in axial flow compressors was developed by Moore and 
Greitzer and was first presented in final form in [35]. The model combines a PDE 
description of the flow field upstream of the rotor face and an ordinary differential 
equation (ODE) description of the overall pressure rise delivered by the compressor. 
The most common form of this model is a reduction of the PDE description to three 
coupled ODES; this reduced model will be referred to here as MG-3. The reduction 
is accomplished by assuming a Fourier series for the solution of the PDE and then 
truncating the series at a single mode. 
The full PDE description developed by Moore and Greitzer is presented here 
since it is required for the derivation of the air injection model, and because it will 
be used later in the presentation of the distributed model in Chapter 3. The basic 
assumptions and derivation of the model are reproduced here, although some of the 
details are left to the original work of Moore and Greitzer. The reduction of the 
PDE description to the to MG-3 model is also covered. 
Analysis from a dynamical systems perspective on this three state model was 
first performed by McCaughan [32, 331; similar analysis was performed by Abed et 
al. [I] on a slightly different model. In addition to the outline of the derivation, 
basic dynamical systems style nonlinear analysis of the MG-3 model is reproduced 
here so that it can be used for comparison with the bifurcation analysis of closed 
loop systems developed in this chapter. 
For the air injection actuated case, based on the assumption that air injection 
results in a shift of the steady state compressor performance characteristic, the op- 
timal form of the control input is obtained. In addition, the mass and momentum 
effects of air injection are derived and appended to the Moore and Greitzer PDE 
model. This derivation is based on the linear model originally developed by Gysling 
and Hendricks [24], but includes the nonlinear terms as well. Finally, the possibil- 
ity of decoupling the design of surge and stall controllers for the MG-3 model is 
investigated. This chapter begins with begin with an overview of the steady state 
behavior of axial flow compression systems, and then proceeds to model development 
and analysis. 
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Figure 2.1 Schematic of compression system used for modeling. 
2.1 Overview of Compression Systems 
A schematic of a compression system is shown in Figure 2.1. The performance 
of a compressor is typically described by the steady state compressor characteristic, 
XPIr , (@) ,  which is a map that gives the pressure rise delivered by the compressor as a 
function of the flow rate through the compressor. Typically this map is a presented 
as a polynomial, 
where @ is the annulus averaged non-dimensional flow coefficientP and the ai are 
coefficients used to fit experimental data. In experiments, only the portion of the 
compressor characteristic with negative slope can be measured, since in the region 
with positive slope, rotating stall or surge (i.e. instability) occurs. These instabilities 
will be investigated further later in this chapter. 
There is a similar relation for the pressure loss versus flow rate relation delivered 
by the downstream throttle. Typically this relation is quadratic and is of the form 
where Pt(@) is the pressure drop across the throttle and y is the throttle coefficient. 
'As an aside, it should be noted that the flow rates and pressures given throughout this chapter 
and those to follow are nondimensionalized using the following relations: 
where m is the mass flow rate to be nondimensionalized, p is the density of air, U is the velocity 
of the rotor blades at the mean rotor radius, Ad is the area of the duct that the flow is traveling 
through, and A P  is the pressure difference to be nondimensionalized. More information on the 
numerical values of the parameters used for the nondimensionalization can be found in Chapter 4. 
These nondimensional numbers make comparisons between different compressors easier, see for 
example the texts by Sabersky et al. [40] or Gerhart and Gross [16]. 
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Flow coefficient: Qa 
Figure 2.2 Compressor and throttle characteristics. The solid line is the 
compressor characteristic, !PC($), and the dashed line is the throttle 
characteristic, !Pt(+) 
The particuPar form for the constant in front of the quadratic cP term has been 
selected to make the inverse of the relation shown in equation (2.2) (which will be 
required later) simpler. The physical amount of throttle opening dictates the value 
of y; large y implies a wide open throttle and small y implies a closed throttle. The 
intersection of these two pressure delivery curves gives the steady state operating 
point for the compressor system, as is indicated by the + in Figure 2.2. 
2.2 Moore-Greitzer Model 
In this section the basic derivation of the Moore-Greitzer model for rotating stall 
and surge in axial flow compressors will be presented. The model consists of a 
system of equations which describe how the states of a compression system evolve 
in time. These states are the pressure rise delivered by the compressor, the flow 
rate through the compressor, and the amplitude of the rotating stall cell present at 
the rotor face. A reduction of this system of equations to the MG-3 model is also 
presented. 
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2.2.1 Description and assumptions 
The model developed by Moore and Greitzer [35] for axial flow compression systems 
is based on three assumptions. In the description of the model here, each of these 
basic assumptions will be presented, and then the details of how each comes about 
will be provided. The presentation here follows the treatment by Mansoux et al. [31], 
but also draws on results from the original work by Moore and Greitzer [35]. 
Figure 2.1 shows a schematic of an axial flow compression system for which the 
Moore and Greitzer PDE was developed. The flow enters from atmospheric pressure 
at the inlet duct at the left of the figure, proceeds through the compressor block 
where the static pressure is increased, enters the outlet duct, and then exits to 
atmospheric pressure through the downstream throttle. 
The three basic assumption of the Moore and Greitzer compression system model 
are: 
1. The pressure rise across the compressor lags behind the pressure drop delivered 
by the throttle due to mass storage in the exit duct (or plenum). 
2. Across the compressor, the difference between the pressure delivered by the 
compressor and pressure rise that currently exists across the compressor acts 
to accelerate the flow rate through the compressor. 
3. The flow in the inlet is given by the solution to Laplace's equation. 
The first assumption gives the relationship 
where 5 is the nondimensional time in rotor radians, b ,  is the effective duct length of 
the compressor, B is the Greitzer surge parameter, cP is the annulus averaged flow 
coefficient, y is the throttle coefficient, and 9 is the pressure rise coefficient which 
is given by 
The second assumption leads to the following relationship for the dynamics of 
the flow through the compressor: 
where X represents the fluid inertia in the rotor, p represents the fluid inertia in 
the compressor, I$ is the local flow coefficient in the compressor annulus, li and I ,  
are the effective nondimensional inlet and exit duct lengths, 0 is the circumferential 
position around the compressor annulus, p, is the static pressure downstream of the 
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compressor, 11 is the nondimensional axial position in the duct (7 = 0 corresponds 
to the rotor face), and pt, is the total pressure at the compressor inlet. Note that 
each of the quantities in equation (2.5) are functions of the circumferential position 
0 and the nondimensional time J (i.e. 4 = +(0, J), etc.), and therefore equation (2.5) 
holds locally around the compressor annulus at each instant in time. 
In order to simplify the equations, the equation states are broken into annulus 
averaged and circumferential perturbation components. This gives rise to the change 
of coordinates 
4(e, t> =@(<I + 64(09 J) 
~e (6, t )  = p e  (t) + S P ~  (0, t )  
Pti (09 J) =pt, ( 8  + 6pt, P,O, 
where the uppercase quantities are annulus averaged quantities, i.e. 
and 6 indicates a perturbation quantity, i.e. 6 4  is the perturbation of the flow 
coefffcient. The axisyrnmetric part of eqplation (2.5) is given by 
where the effective compressor duct length b ,  is given by 
and the pressure rise coefficient Q is as was previously given in equation (2.4). 
Note that from this point on, the explicit dependencies of variables on e and J 
should be clear from context, and will not be shown. The non-axisymmetric part of 
equation (2.5) is given by 
The potential flow assumption gives the functional form for the flow perturbations 
in the upstream duct, based on the solution of Laplace9s equation. This suggests 
the following perturbation velocity potential 6 0  which is defined as 
Eaplace9s equation in the inlet duct is then given by 
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which has the solution 
where An is the amplitude of the nth circumferential Fourier mode and rn is its 
phase. Combining equations (2.11) and (2.13) gives the perturbation of the flow 
coefficient as 
Note that the solution for the flow perturbation S4(0,<) is evaluted at the rotor 
face. Based on this potential flow solution, the downstream static and upstream 
total pressures are given by 
(see Epstein et al. [14]). Combining equations (2.10) and (2.15) gives the following 
relation for non-axisymmetric unsteady behavior in the compressor annulus, 
The system of equations describing the behavior of an axial flow compression system 
are therefore given by 
2.2.2 Reduction to MG-3 
In order to further simplify the above equations to a low order model which could be 
readily analyzed, Moore and Greitzer [35] explored the first term in the Fourier series 
for the flow perturbation 64. By truncating the Fourier series for the potential flow 
solution given in equations (2.13) and (2.14) and combining equations (2.3), (2.8), 
and (2.16), they were able to obtain the following four ODES are obtained for the 
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compression system dynamics 
dm =l (b2=s , ( m  + A, sin OK - Q 
dJ 1, ) 
dAl - 1 27r 
- !PC(@ + A1 sin <) sin <d< 
dJ 4 2  + P )  
For more details on this reduction procedure, see the original work by Moore and 
Greitzer [35]. Note that the (drl)/(d[) equation shows that the stall cell will rotate 
at a constant rate, and since doesn't appear in the other three equations, this 
fourth equation is often left out of the analysis of the MG-3 model. 
2.2.3 Bifurcation analysis 
By performing the integrals indicated in the system of equations (2.18), substituting 
J1 = A:, and assuming a third order polynomial expansion for the compressor 
performance characteristic PC(@) i.e. 
we obtain the following set of ODES which describe the dynamics of the compression 
system: 
where (') denotes differentiation of ( ) with respect to [. Equation (2.22) clearly 
shows that the compressor characteristic, Q,(@), must contain terms of at least 
third order to capture a stalled equilibrium point. 
The bifurcation properties of the open loop three state compression system model 
were initially studied by McCaughan in [32] and [33]. There the bifurcations for the 
pure rotating stall case, the pure surge case, and combination stalllsurge case were 
thoroughly investigated. A throttle based closed loop system for the pure rotating 
stall case was developed and analyzed by Liaw and Abed in 6301. 
Here we are interested only in the pure rotating stall case for the closed loop 
compression system with the control based on shifting of the steady state compressor 
characteristic. For the open loop case, the bifurcation diagram for a representative 
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Compressor Characleri8tics Bifurcation Diagram: NAI 
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Figure 2.3 Bifurcation diagram showing jumps associated with the hys- 
teresis loop for an open loop compression system with the character- 
istic shown at the left (pure rotating stall case). 
compressor characteristic is known to have a transcritical bifurcation2 (for the choice 
of coordinates used in this paper) at the point which corresponds to operating at 
the peak of the steady state compressor characteristic (see Figure 2.3). The throttle 
setting which corresponds to the peak of the characteristic, (d9,/d@) = 0, will 
be denoted by y*. This operating point corresponds to where the stalled branch 
intersects the horizontal axis in the bifurcation diagram shown in Figure 2.3. 
The unstable sections of the bifurcation diagram in Figure 2.3 are shown as grey 
lines, and the stable sections are shown as black lines. This diagram suggests a 
hysteresis region since as the throttle is closed ( y  is decreased) J1 = 0 is a stable 
solution until y* is reached, at which point the stable solution for Jl is non-zero 
(which corresponds to a jump to rotating stall). As y continues to decrease, the 
stable solution for Jl continues to be non-zero. If the throttle is then opened, 
beginning at y < y*, the system continues to evolve along the stalled branch until y 
is increased to a value substantially greater than y* before returning to the Jl = 0 
branch. The system has substantially different solutions depending on the path that 
y follows. 
When the compressor system is not in a stalled condition, equation (2.21) reduces 
to 
Similarly, when the system is in a stalled condition, equation (2.21) can be written 
as 
'For more information on bifurcation analysis see the text by Guckenheimer and Holmes [21] or 
the text by Wiggins [43]. 
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Figure 2.4 Unstalled (solid) and stalled (dashed) compressor character- 
istics, 
by using the nonzero equilibrium solution for J1 from equation (2.22). This stalled 
(or effective) compressor characteristic is important because this is the pressure rise 
that the MG-3 model predicts would be measured experimentally when the system 
is stalled and therefore gives one validation test for this model. Figure 2.4 shows a 
plot of 'ilr,(@) (solid curve) and (dashed curve). The stalled compressor 
characteristic will important for the parameter identification methods addressed in 
Chapter 6. Note that the stability of these curves of equilibria are not shown. For 
a more detailed description of the bifurcations associated with the MG-3 model see 
the work by McCaughan [32] and [33]. 
2.3 Moore-Greitzer Model with Air Injection 
There are two primary effects caused by adding air injection actuators to an axial 
flow compression system: a shift in the steady state compressor performance char- 
acteristic and momentum addition effects. The shift effect is addressed first in this 
section. 
The physical basis for adding air injection into the model as a shift to the steady 
state compressor characteristic is based on the experimental results presented by 
D9Andrea et al. 191, where air injection actuators substantially shifted the compressor 
performance characteristic. The idea that an actuator could effect the pressure rise 
delivered by the compressor was proposed by Gysling [22]. On the Caltech rig, the 
shift is used primarily to model the swirl (angular momentum) added by the air 
injection actuators. 
In addition to the swirl component, air injection also adds mass and momentum 
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to the compressor inlet, these effects are addressed in the final subsection. These 
effects complicate the model to a greater extent and will require further derivation 
along the lines of Section 2.2. 
2.3.1 Compressor characteristic shift effects 
The results presented in this subsection are based on the Moore-Greitzer model [35] 
presented in Section 2.2. Here we present one method for changing the hysteresis be- 
havior of the compression system by selecting a control input which directly changes 
the bifurcation diagram in the hysteresis region. 
Optimal compressor characteristic shift 
Based on the experimental results described in [9] we attempt to model the air 
injection actuators as direct actuators of the steady state compressor characteristic. 
In this paper we analyze the results of the closed loop system where the feedback is 
proportional to the size of the first mode of the stall cell squared: 
where 
A shifting of the steady state compressor characteristic curve proportional to J1 can 
accomplish this. To see how, we first solve for the slope of the bifurcation curve 
at the point y*. On the stalled branch of the bifurcation diagram, the following 
algebraic equations must hold 
and 
Noting that, for each equilibrium solution on the stalled branch of the bifurcation 
diagram, choosing Jl fixes @, 9, and y ,  and by differentiating equation (2.27) with 
respect to J1 we obtain 
dip d7  d 9  2@- = 2yQ- + y2-. 
dJ1 dJ1 dJ1 
2.3. MooreGreitzer Model with Air Injection 2 1 
By differentiating equation (2.28) with respect to J1, an expression for # at the 
peak of the compressor characteristic is found to be 
By similar differentiation of equation (2.29) with respect to J1, an expression for 
(dQr/dJ1) at the same point is found to be 
If equations (2.31) and (2.32) are substituted into equation (2.30) and the result 
solved for (dJl/dy), the slope of the bifurcation diagram at the equilibrium point 
associated with y* is obtained as: 
where all expressions in the right hand. side of equation (2.33) are evaluated at the 
equilibrium point at the peak of the compressor characteristic, and ( )' denotes 
partial differentiation of ( ) with respect to @. 
From this expression it is easy to see how varying the gain on the shifted charac- 
teristic affects the slope of the bifurcation diagram at y*. Typically, (dJl/dy)17_,. 
is positive (as is shown in the bifurcation diagram in Figure 2.3) and if this positive 
value were increased, the size of the hysteresis region could be decreased. If the 
shifted portion of the characteristic, !PC,, has a positive offset term (co > 0) the 
slope will be increased by a positive gain K ,  and if the shifted characteristic has a 
negative linear term (cl < 0) the slope will also be increased for a positive gain K .  
In Chapter 5 experiments will be presented which validate this modeling technique 
for axisymmetric shifts of the compressor performance characteristic. 
Figure 2.5 shows how the bifurcation diagram changes as the gain K is increased 
for the Caltech rig. This same sort of analysis can also be used to show how 
the hysteresis loop in the bifurcation diagram cannot be changed with nonlinear 
feedback of Q or @ via throttle control. This result was shown previously, using a 
different method, by Liaw and Abed 6301. 
The above analysis applies to any physical mechanism which can be used to 
change the compressor performance characteristic. Some possible other possible 
methods of achieving a shift in the compressor characteristic include active casing 
treatments and hub distortion. The optimal choice of shift would be as described, 
and equation (2.33) would show the tradeoff of varying the slope versus the offset. 
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Figure 2.5 Closed loop bifurcation diagram as K is varied for the Cal- 
tech compressor. The top curve corresponds to K = 0. 
0.1 
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The entire family of bifurcation diagrams shown in Figure 2.5 may not be physically 
possible in practice; there will be a maximum amount that the steady state com- 
pressor characteristic can be shifted. The plot on the left of Figure 2.6 shows the 
maximal amount that the characteristic can be shifted for the actuators installed 
on the Caltech compressor (as a dashed line). This saturation of the actuators 
translates to direct limit on how much the closed loop bifurcation diagram can be 
modified. On the right of Figure 2.6 the dashed line shows the saturation limit (the 
dashed line) for the compressor characteristic obtained with continuous air injec- 
tion. Shifts which lie to the right of the saturation line are allowed, and for shifts 
which lie to the left, the saturation line becomes the curve that describes the system 
behavior. 
Based on the previous analysis, the amount of characteristic shifting required 
to eliminate the rotating stall hysteresis loop would be the amount which equa- 
tion (2.33) is infinite. In practice this calculation is very conservative. In most 
applications, noise will drive the compressor into rotating stall at a value of y which 
is substantially greater than y*. This throttle position will therefore dictate the 
amount that the characteristic must be shifted to eliminate the hysteresis loop. 
2.3.2 Mass and momentum addition effects 
To complete the model for the effects of air injection actuation, the fluid mechanics 
of the original Moore-Greitzer model need to be augmented to include the mass and 
momentum addition of the air injectors. This was previously done in a linear context 
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Figure 2.6 Bifurcation diagram showing the saturation limits of the 
Caltech rig (dashed line). 
Figure 2.7 Air injection actuator upstream of the compressor rotor de- 
veloped by Hendricks and Gysling [24]. 
by Hendricks and Gysling [24]. The derivation presented there is followed here but 
is extended to include the nonlinear effects of the air injection. The equations 
are developed by performing mass and momentum balances across the air injection 
actuator and combining the resulting equation with the original Moore and Greitzer 
PDE for the flow through the compressor. 
Figure 2.7 shows a schematic for the air injection actuator upstream of the 
compressor, and includes the quantities that will be needed to develop the model. 
In Section 2.2.1, equation (2.5) was presented. This equation can be re-written 
in the notation of Figure 2.7 as 
P3 - Pt, 042 &b2 
PU" = @ c ( @  +6&) - l c -  -A- - d5 do "F.  
In order to develop a model of the combined air injection/compressor system, the 
relationship between the total pressure at  station 1 (just upstream of the air injector) 
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and station 2 (just downstream of the air injector) must be developed. Then the 
air injection/compressor system can be combined with a potential flow solution in 
the inlet duct, as was done previously for the isolated compressor. 
In order to develop the relationship between the total pressures at stations 1 and 
2 two additional equations must be developed, a mass and a momentum balance 
across the air injector. The mass balance across the air injector is given by 
where Cx is the mean velocity in the annulus, 6C,, and 6Cx2 are the velocity per- 
turbations at stations 1 and 2, 1, is the height of the compressor annulus, and dlj is 
the opening of the air injector. This equation reduces to 
where 641 and 642 are the nondimensional flow perturbations respectively upstream 
and downstream of the air injector. The momentum balance across the air injector 
is given by 
where P is the static pressure in the annulus, and 6pl and 6p2 are the static pressure 
perturbations at stations P and 2. Equation (2.37) can be combined with equa- 
tion (2.36) and the relationship between the static and total pressure perturbations 
at station 1 given by 
to obtain 
Combining equations (2.34) and (2.39) we obtain the following expression for the 
air injection/compressor system 
P3 - Ptl 61. d~ a41 
pU2 
=Qc(@+641 +Laj) - 1  - - -A-  -pcL--- + la " d t  ae at 
This equation can be combined with the relations similar to those given in equa- 
tion (2.15) for the total and static pressure based on a potential flow solution in the 
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inlet duct to obtain 
The control input to this system is the opening of the air injector 61,. Equation (2.41) 
shows if ?Q,j << 6 g 1 ,  then the effect of the mass and momentum terms is to create 
an effective compressor characteristic, QGi, given by 
The shift of the compressor characteristic has already been investigated in the pre- 
vious section, and analysis of this shift would be similar. In order to perform the 
analysis, a control law for the input 61j would need to be selected (similar to what 
was done for the linear case by Hendricks and Gysling [24] where 61, was selected a 
phase shifted and scaled version of 6&), and then the effective compressor charac- 
teristic would be projected onto the Fourier bases as was done in Section 2.2.3. 
2.4 Control in the Presence of Surge 
The decoupling of designs for rotating stall and surge controllers can be approached 
from a singular perturbations standpoint. The first step is to find a time scale which 
separates the fast and slow manifolds of the system. This can be accomplished for 
the MG-3 model by choosing t = 1,[, which gives the new system 
and 
For the Caltech compressor, I ,  = 30, so 8 is reasonably small. The perturbation 
parameter, r ,  is therefore given by &. In addition, it is convenient if the origin is 
an equilibrium point; choosing !P = @ + Qe and = 6 + a, accomplishes this if Qe 
and Q,, are the intersection point of the compressor and the throttle characteristics. 
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The equations are then: 
and 
In order to decouple the design process, a controller must be found which exponen- 
tially stabilizes the slow manifold (the surge dynamics). This can be accomplished 
by a throttle controller as was previously shown experimentally by Eveker et al. [15]. 
The fast hysteresis associated with the fast dynamics can be eliminated with the 
shifting compressor characteristic controller previously described. The combination 
of these two controllers is investigated below. 
The form of the throttle controller for the surge dynamics that was the same as 
that specified by Eveker et al. [I51 and is given by 
This controller intuitively adds damping to the system for a negative gain kl. The 
control law would then open the throttle when the flow through the compressor is 
decreasing (acting to increase the flow rate) and close the throttle when the flow 
through the compressor is increasing (acting to decrease the flow sate). 
In order to control the rotating stall dynamics the previously described shifting 
compressor characteristic controller is included as 
where 
To apply the method of singular perturbations, we first make the origin an 
equilibrium point for equation (2.48) by choosing J1 = j 1  + JIe .  The resulting 
equation for the growth of the rotating stall amplitude (the fast system) is 
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which has an has two branches of equilibria at 
and 
which depend on the value of the throttle coefficient, yo. It should be noted that yo 
sets the value of @,, and the value of @, dictates the behavior of the fast system. 
The slow system is the combination of equations (2.46), (2.471, (2.49), and (2.50) 
and is given by 
The analysis of Section 2.3.1 showed that for large enough gain on the shifting 
compressor characteristic (i.e. k2 in equation (2.50)) the entire stalled branch of 
equilibria can be made to be stable (note that the entire branch may already be 
stable for a given @,(@)). A schematic of a stable branch of stalled equilibria, JIe, as 
a function of the throttle coefficient, yo is shown in Figure 2.8. For the gain shown 
in the figure there is a unique stable equilibrium value of the stall cell amplitude 
for a given value of yo. The stable branches in the figure refer to the stall dynamics 
being stable. Since we have not introduced the throttle controller for surge, it is 
still possible that the slow system may be unstable for some throttle settings. 
The stability of the combined system, equations (2.53), (2.56), and (2.57), can 
be determined by using results from singular perturbation analysis. The idea is 
that if the slow system and the fast system are both asymptotically stable, then 
the combined system is also asymptotically stable for initial conditions close enough 
to the equilibrium point and for E sufficiently small. The full closed loop system is 
reproduced below. 
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Figure 2.8 Closed loop bifurcation diagram required in decoupling anal- 
ysis. 
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Theorem 2.1 For a given throttle setting yo, the closed loop system (2.58) is  locally 
asymptotically stable for an  appropriate choice of gains kl and k2, and 6 suficiently 
small. 
Proof: Note that the closed loop system described in equations (2.58) requires equa- 
tions (2.50), (2.51), and (2.52) to be complete, and that for the class of compressors 
studied here a3 (from equation (2.51)) is negative. The gain for the compressor 
characteristic shift, k2, is first selected, so as to make the entire branch of equilibria 
associated with the bifurcation to rotating stall. be stable. This can be accomplished 
using equation (2.33) to compute the value of k2 which provides an infinite slope 
to the bifurcation diagram at y*. This selection of k2 will produce a bifurcation 
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diagram similar to that shown in Figure 2.8. To complete the proof, the stability 
of the fast and slow subsystems must be shown; this is performed in the next two 
lemmas. 
Lemma The fast dynamics are asymptotically stable for the choice of k2 given zn 
Figure 28 .  
Proof: This can be shown using the kyapunov function 
Computing the derivative along the trajectories of the fast dynamics gives 
where 
2 89, amcu + J1 + J,, a38, 
.?1 = -(.?I + Jle) - a@ + k 2 ( R  + Jle)= 8 W)' (2.61) 2 + ~  
Note that equation (2.61) is equation (2.53) with time scaled by E .  Equation (2.60) 
therefore reduces to 
For an equilibrium point to the right of the peak of the compressor characteristic 
Jle = 0, and all of the terms of equation (2.62) are less than zero when j l  # 0. 
Since $' is negative definite the origin is asymptotically stable (see Khalil 1281). In 
this case, since is quadratic, the fast system is exponentially stable. 
To the left of the peak the equilibrium value of the first mode stall cell amplitude 
(using equation (2.6 1)) becomes 
This gives 
2 - am,, .il a3m, 
v =  - 2 f / l  ( 1  .i1[z+li2.h- a@ + -- 8 OQ3 + 
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which reduces to 
Note that jl + Jle is always positive, $& = q < 0 (see equation (2.52)), and 
= 6a3 < 0 (see equation (2.50)). Since v is negative definite, the origin is 
again asymptotically stable. 
The final case is right at the peak of the compressor characteristic !PC(@), where 
@ = 0, and therefore 
Since v is negative definite and the origin is also asymptotically stable (note that 
v is not quadratic in this case). V 
Lemma The slow system dynamics are exponentially stable for a suficiently nega- 
tive value of throttle controller gain kl. 
Proof: This can be shown by computing the linearization of the system and verifying 
that the eigenvalues are always negative. The linearization of the closed loop slow 
system is given by: 
where 
In these equations ( ) I  denotes partial differentiation with respect to a, and all quan- 
tities are evaluated at the point (ae, 9,). Mote that near the peak of the compressor 
characteristic, a12 and a21 have opposite sign and to the right of the peak (where 
J1, = 0) the surge dynamics are exponentially stable. Since a12 and a21 have op- 
posite sign, if the trace of A is zero, the slow system will have pure imaginary 
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eigenvalues. Testing for Tr(A) = 0 gives 
Note that for a third order compressor characteristic (which characterizes a real 
system), i.e. 
as < 0. In addition, the types of compressor characteristic shifts considered here 
move the peak of the compressor characteristic up and to the left, i.e. equation (2.52) 
with co > 0 and cl < 0. Note that to the left of the peak, Q,, is always positive. 
Under these conditions the signs of the terms in equation (2.73) can be determined. 
To begin with, to the right of the peak of the compressor characteristic, Jle = 8, 
and all of the terms are negative (note that a,(@,) - 3Q, = -2Qe). Under these 
conditions, the slow system dynamics are therefore exponentially stable. 
To the left of the peak the QE term is positive, and therefore, in order to keep the 
system exponentially stable, the remaining terms must be made sufficiently negative 
that Tr(A) remains negative. The term k2JaeQk, term is less than zero since cl is 
less than zero (note that Jle and k2 are positive). The term J1eFy is negative since 
as < 0. The condition on the remaining terms is given by 
Note that this condition will always be satisfied near the peak of the compressor 
characteristic since there (-4Qk - JieQ:) < 0 and 4(2Qe - k2JleQ,,) > 8. Therefore 
the negative gain on the throttle controller extends the region of exponential stability 
of the slow system. V 
Because of the uniform asymptotic stability of the two subsystems (the slow 
system was shown to be exponentially stable, which implies asymptotic stability), 
the combined system is locally asymptotically stable. This can be shown using a 
theorem due to Hoppensteadt [6], and also by Theorem 8.2 in the text by Khalil[28]. 
In Khalil's theorem, bounds for the allowable size of 6 can also be computed. This 
computation requires the parameterization of the compressor characteristic and the 
compressor characteristic shift. 
The decoupling analysis presented here is usefull because it shows that in some 
situations, controllers for the rotating stall and surge dynamics can be designed 
separately and the results combined. A combined surge and rotating stall controller 
along the lines presented here is presented in Chapter 5, and the experimental results 
suggest that this sort of design has promise on the physical system. 
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Chapter 3 
High-fidelity Modeling 
The 3-state Moore-Greitzer model presented earlier provided an analysis tool for 
understanding how best to exploit the structure of the compression system for con- 
trol purposes. While this model provides good qualitative comparison with exper- 
imental data, it performs poorly in quantitative comparisons. The MG-3 model 
is particularly poor at capturing multiple characteristics observed in experiments, 
i.e. capturing both the size of the rotating stall hysteresis loop and the stall cell 
growth sate. In order to develop simulations which predict (or match) experimental 
results more complicated models must therefore be used. 
One model which has been used successfuPly to simulate the details of the transi- 
tion to rotating stall is also based on the Moore-Greitzer PDE model for compression 
systems. This model includes arbitrary number of circumferential Fourier modes (in 
a way which is attractive for control purposes) and dynamics for how the compressor 
characteristic, !PC, responds to unsteadiness in the flow coefficient 4. This model 
was originally presented by Mansoux in [31] and will be referred to as the distributed 
model. This distributed model was also investigated by Setiawan 6411. In [3P] ex- 
perimental measurements of the locaP flow rate near the compressor face were made 
during the transition to rotating stall for three different compressors, the simulation 
parameters in the distributed model were then tuned to give the best match to the 
experiments. The results were quite good. 
In this chapter, the open loop distributed model will be presented and then 
extended to include the air injection actuators installed on the Caltech rig. This 
air injection extension will incorporate the shifted compressor characteristic and the 
mass/momentum terms developed in Chapter 2, with slight modifications to fit into 
the higher-fidelity distributed model. 
3. P Unactuated Distributed Modell 
The distributed model provides a strong connection between the simulation and 
the experiment because the local flow coefficients at discrete points around the 
compressor annulus correspond directly to the states of the model. As more modes 
are included in the simulation, the number of points around the compressor annulus 
increases. The central point of the model is to use the Discrete Fourier Transform 
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(DFT) to move between flow coefficient perturbations in physical coordinates to 
flow coefficient perturbations in Fourier modes. 
3.1.1 Description 
The distributed model makes nearly the same assumptions as those presented in the 
three state model section. The only relaxations involve the single Fourier mode trun- 
cation for the flow coefficient perturbation and the time response of the compressor 
characteristic. The upstream potential flow solution that will be substituted into the 
Moore and Greitzer PDE is written (in a slightly different form than in Chapter 2) 
as 
where i is G, 4, is nth spatial Fourier coefficient of the velocity perturbation at 
the compressor face1 (77 = 0). This equation leads to the following expression for 
the velocity perturbation at the compressor face 
Substituting this relation into equation (2.16) gives 
Unsteady loss dynamics 
The compressor performance characteristic XI?,(@) is a steady state map which de- 
scribes how the pressure rise delivered is related to the flow rate through the com- 
pressor. In practice, this is only a good approximation if the flow rate is a constant 
or slowly varying. Haynes et al. [23] proposed the following model for a transients 
that occur when the flow rate through the compressor is time varying 
where is the isentropic total pressure rise across the compressor and L, and 
L, are the rotor and stator total pressure losses. The equations for how L, and L, 
'Note that therefore 
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evolve with time are given by 
and 
where L,, and L,, are the steady total pressure loss across the rotor and the stator 
and TL is the unsteady loss dynamics time constant. 
These equations basically describe the time lags in the pressure rise delivered 
by the compressor associated with the transition from one flow rate to another. 
These equations become especially important when the compressor characteristic is 
assumed to hold locally around the compressor annulus during rotating stall, since 
the flow rate will vary substantially over short time scales (since the stall cell is a 
moving area of decreased flow which moves at a significant percentage of the rotor 
speed). 
3.1.2 Unactuated equations 
The equations of motion for the distributed model of an axial flow compression 
system are developed from the treatment by Mansoux et al. [3P]. The additions 
here correspond to the addition of the unsteady loss dynamics described by Haynes 
et al. [23]. The resulting equations are 
and 
where $ is the vector of flow coefficients at discrete points around the compressor 
annulus, XQ is the annulus averaged pressure rise coefficient, 
where G is the real valued Discrete Fourier Transform matrix which maps the 
flow coefficient values at discrete points around the compressor annulus (which are 
stacked as column vector in 6) to the real and imaginary components of the Fourier 
36 
coefficients: 
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where J j  corresponds to the Fourier coefficient associated with the jth mode. The 
matrix G is given by 
1 1 
- -.  .
1 1 "  Jz " 1 
cos e1 cos e2 . . . ~ O S  e2,+~ 
i - cos nol cos no2 . . . cos nB2,+1 sinnOa sinne2 . sin 
G=-  
2n + 1 
where the Bj are the angular positions around the compressor annulus of each of 
the discrete points associated with the elements of 4. The remaining elements 
of equations (3.7) and (3.8) listed below, the precise meaning of each should be 
referenced from [3l] and [25]. 
cos 281 
sin201 
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The unsteady loss dynamics are introduced into equations (3.7) and (3.8) by defining 
w = G - ~ D ~ G ,  (3.13) 
where 
The distributed model versions of equations (3.6) and (3.5) are 
1 - R  
L r s  = Q i s e n ( @ )  - @csS (@)R L s s  = R L r s  
and 
The above equations give one ODE for the average pressure rise coefficient Q, (2n+l) 
ODEs for the vector of flow coefficients around the annulus d, (2n $ 1) ODEs for 
the losses across the rotor L,, and (2n f 1) ODEs for the losses across the stator E,. 
This results in a total of 46 ODEs if an open loop model with seven modes being 
simulated. 
3.2 Distributed Model with Air Injection 
In this section, the additions to the distributed model that were used to simulate 
the air injectors installed on the Caltech rig. The distributed model is attractive for 
modeling the air injection on the Caltech rig because the steady state compressor 
characteristic shifting can be included in a local way instead of as an axially averaged 
shift (as was done in the analysis on the MG-3 model). This allows the compres- 
sor characteristic to be shifted in phase as well as in magnitude. This actuated 
distributed model will later in Chapter 7 to perform simulation based parametric 
studies and to match the experimental results for rotating stall control using air 
injection which will be presented in 5. 
The Caltech compressor rig has three air injectors placed 120 degrees apart 
around the compressor annulus (further details on this will be presented in Chap- 
ter 4) and each injector has an effect on a small region of the compressor rotor. In the 
distributed model, the pressure rise delivered by the compressor around the annulus 
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is given by XVC(q&) where 4i is the flow coefficient at location i. In this model, the 
compressor performance characteristic shifting and the mass/momentum addition 
effects will both be included. 
Compressor characteristic shift 
In order to include the compressor characteristic shifting as a local effect, the shift 
is included as 
at the points around the annulus which have air injectors associated with them and 
as 
for the remaining positions. Here 9,,,, is the nominal compressor characteristic, 
while qCsh is the locally shifted characteristic. The control variables are the ui, 
which take the values of 0 or 1 if the air injector is off or on respectively. The 
transient effect of the air injection on the compressor characteristic shift is modeled 
as a delay followed by a first order lag; this is captured by operator F, which takes 
the time history of the commanded valve position (0 or 1) and computes the current 
valve position. The values for the delay and lag were chosen to correspond to the 
values observed in the experiment, for further details on the exact values of these 
lags see Appendix 6. 
Mass and momentum effects 
In order to include the mass and momentum addition effects, a relation similar to 
equation (2.42) will be used. As was previously described, the mass and momentum 
terms result in an augmentation of the compressor performance characteristic. At 
the points in the compressor annulus which have air injectors associated with them 
where ui is the opening of the air injector, and F is the delaylfirst order lag operator 
described above. As before, the points which did not have air injectors associated 
with them had a compressor performance characteristic of 
Note that in this model for the air injectors, the shifted compressor characteristic 
qC, (4i)  includes both the swirl effect and the axial velocity effects. 
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Modal content of different injection model schemes 
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Figure 3.1 Comparison of modal content for two different discrete air 
injection models. Each model corresponds to fifteen discrete points 
around the compressor annulus. 
Air injection modeling 
In order to best model the air injection actuators, the points around the compressor 
annulus where the proceeding compressor characteristic shifts would be implemented 
need to be determined. While the obvious solution may seem to use three equally 
spaced points around the annulus, Figure 3.1 shows why this is not the best modeling 
choice. The reason lies in the modal content that the DFT predicts for a single point 
air injection scheme. The figure shows the amplitude of the Fourier coefficients for a 
scheme which models a single air injector as having an effect at an isolated point in 
the compressor annulus and for a scheme that models a single air injector as having 
an equal effect at two adjacent points in the compressor annulus. The single point 
scheme has equal amplitude for all of the Fourier modes, but the two point scheme 
has roll-off as the mode number increases. The figure also shows that there is much 
less overshoot and oscillation when the input to the DFT is reconstructed from the 
Fourier modes. 
3. High-fidelity Modeling 
Chapter 4 
Description Experiment 
This chapter presents a hardware description of the Caltech compressor rig, as well 
as some experimental measurements which give insight into the behavior of this 
particular compressor system. The two main rig configurations, the rotating stall 
configuration and the surge configuration, are both described. In addition, the 
individual components that make up the compression system and the rig instru- 
mentation (i.e. computer interface) are also described. Further details on the rig 
components are presented in Appendix A. In order to better motivate the detailed 
work associated with the distributed model simulation, the basic experimental setup 
must be described. The experimental descriptions and data presented in this chap- 
ter are background information that will be referred to throughout the remaining 
chapters. 
Measurements for the unactuated compressor include the compressor perfor- 
mance map and transient measurements of the transition to rotating stall; in ad- 
dition, further detailed measurements of the compressor behavior presented in Ap- 
pendix B. The effects of open loop air injection actuation are also presented, in- 
cluding a parametric study to determine how open loop air injection geometric 
parameters effect the compressor performance characteristic. The study is a search 
for the optimal placement and orientation of the air injection actuators; in this case 
optimal refers to the set of geometric parameters which produce the most favor- 
able change in the bifurcation diagrams as described in the analysis presented in 
Section 2.3.1. 
4.1 Compressor System 
In order to investigate and validate active control techniques for rotating stall and 
surge, a low-speed, axial flow compressor facility was designed built. Initial con- 
struction was performed Khalak [26], and modifications have been continuous since 
then. The compressor system is built around an axial fan manufactured by Able 
Corporation. While this compressor is substantially simpler than a typical com- 
pressor in a gas turbine engine (it is low speed and has a single stage), the overall 
compression system has many of the essential operating characteristics of high speed 
engines and is ideally suited for implementation of active control techniques due to 
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Figure 4.1 Caltech compressor rig in rotating stall configuration, see 
text for complete description. 
its size and ease of use. 
The rig includes numerous "bolt on7' subsystems which are used to investigate 
specific aspects of compression system dynamics (an example of which is the remov- 
able plenum which is used to change the dominant instability from rotating stall to 
surge). The overall compressor system will be described first, and then the three 
subsystems that were required to perform the majority of the experimental work 
presented here. Further details on the individual components which make up each 
of these subsystems (and others) can be found in Appendix A. 
The Caltech rig was designed to be run in one of two main configurations, one 
configuration in which the rotatingstall dynamics dominate, and a second in which 
the surge dynamics are dominant. Figure 4.1 shows a schematic of the rig in the 
configuration in which the rotating stall dynamics dominate. The rig can be mod- 
ified such that the surge dynamics dominate by adding a 1.81 m3 plenum between 
the outlet duct static pressure ring and the throttle. These two configurations will 
referred to throughout this and the remaining chapters as the rotating stall con- 
figuration and the surge configuration respectfully. This compression system was 
designed and constructed in accordance with AM@A/ASHRE standards for mea- 
surement and calibration of compressors of this type [2]. 
The compression system consists of the following components (from left to right 
in Figure 4.1): an inlet nozzle, inlet duct, sensor/actuator ring, compressor, outlet 
duct, bleed valve, and exit throttle. The inlet nozzle is a smooth bell-mouth con- 
structed to minimize the inlet flow distortion and is an integral part of the 17 cm 
diameter inlet duct. Sensors include a pair of static pressure rings on the inlet and 
outlet ducts (for measuring the slowly varying average static pressure in the duct), 
pitot measuring planes at the inlet and near the outlet (for measuring the velocity 
profile in the duct), an array of six static pressure transducers located in front of 
the compressor face (as part of the sensor and actuator ring), and hotwire probes 
mounted in the inlet duct and in the compressor housing. Throttle actuation is 
achieved with a low-speed, electrically driven throttle at the outlet (used to set the 
gross operating point of the rig) and a high speed bleed valve which can be located 
in the outlet duct either before or after the plenum (used to generate disturbances 
and for fine tuning the operating point). A11 sensors and actuators are interfaced to 
4.1. Compressor System 
sensor ring rotor stator 
sensor ring (end view) sensor ring (side view) 
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a PC-based real-time control computer which samples and updates at a servo rate 
of 2000 Hz. More details on the computer interface are presented in the following 
subsections and in Appendix A. 
The main subsystems of the rig are the sensor/actuator ring, the compressor, 
and the bleed valve, each of which was used extensively in the experimental work 
presented here are described in the following subsections. 
4.1.1 Sensor/actuator ring 
Figure 4.1 shows the sensor/actuator ring in its normal position just upstream of 
the compressor, and a more detailed schematic is given in Figure 4.2. The ring 
is used to measure the unsteady pressures upstream of the rotor and to hold the 
air injection actuators. The ring is outfitted with six pressure transducers equally 
spaced around the compressor circumference, approximately 5 cm (0.7 mean rotor 
radii) upstream of the rotor. There are ports for up to 18 pressure sensors, but 
only six are typically used at any one time. These transducers have a resolution of 
approximately 1.2 Pa and a bandwidth of 1 kHz, and are low pass filtered (using 
filters further described in Appendix A) at 500 or 1000 Hz prior to sampling by a 
12 bit A/D converter. These sensors are used to track the development of rotating 
stall in the compressor annulus. The inlet and outlet static pressure rings shown in 
Figure 4.1 are instrumented with similar transducers and are used to measure the 
presure rise delivered by the compressor. 
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Table 4.1 Parameters for computing the aerodynamic performance of 
the rotor installed on the Able 29680 axial fan. 
The three air injection actuators located on the ring are also shown in Figure 4.2. 
The flow through each of the injectors is controlled by an on/off solenoid valve, and 
the exit port of each injector can be placed at a variety of locations and orientations. 
The valves are actuated using custom overdriving circuitry interfaced directly to the 
data acquisition computer and are capable of providing a 50% duty cycle at up to 200 
Hz. Hotwire measurements were performed to determine the velocity profile of the 
air injection at the compressor face, and further details on this testing are presented 
in Appendix C. The injected air was found to disperse from 3 mm at the exit of the 
injector to approximately 20 mm at the compressor face; this dispersion occurred 
over a distance of 9 cm (the distance between the exit of the air injector and the 
rotor face). This corresponds to each air injector changing the flow pattern at the 
compressor rotor over a region that is about 10% of the total compressor annulus. 
Based on these velocity profile measurements, three measures of control authority 
were calculated to characterize the air injectors: the mass flux, the momentum 
flux, and the energy flux. As a percentage of the mean values for the compressor 
operating at the peak of the compressor characteristic, the flow through each air 
injector on continuously contributed 1.7% to the mass flux, 2.4% to the momentum 
flux, and 1.3% to the energy flux. The control authority measures are thus small 
compared to the corresponding values for the compressor. 
4.1.2 Compressor 
The compressor is an Able Corporation model 29680. Table 4.1 shows several pa- 
rameters of interest for compressors of this sort. Except where noted, throughout 
the work presented here the rig was run 6000 rpm. Under these conditions, the peak 
pressure rise coefficient is 0.38 at a flow coefficient sf 0.37 (these values occur at the 
stall inception point), and the rotor tip speed has a Mach number of 0.17. Since the 
Mach number of the rotor blade tips is < 0.2 the flow is assumed incompressible. 
The compressor is driven by an induction motor, the speed of which can be set 
via the frequency of the input voltage. The rotation rate of 6000 rpm is achieved 
with a supply voltage at 200 Hz. Further details on the compressor can found in 
Appendix A. 
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4.1.3 Bleedvalve 
In addition to the low speed throttle used to set the operating point of the rig, 
the compression system is also outfitted with a secondary higher speed throttle. 
This high speed bleed valve is located just upstream of the primary throttle (see 
Figure 4.1) and is used to generate throttle disturbances and to fine tune the oper- 
ating point of the system. The valve can modulate 0-30% of the flow through the 
compressor at the stall inception point. A calibration of the bleed valve position 
with the throttle coefficient y (defined in Section 2.1) is presented in Section 6.3. 
The valve has large signal bandwidth of 20 Hz and small signal bandwidth of 50 Hz 
and is a butterfly design. It is controlled using simple servo motor, the set-point of 
which is commanded by the computer using custom built interface hardware. 
4.1.4 Computer interface 
A Pentium based PC was used to control operation of the rig and to perform data 
acquisition. Outputs from the computer to the rig include signals for: turning the 
compressor and each of the air injectors on or off, opening and closing the primary 
throttle, and setting the position of the bleed valve. Inputs to the computer from 
the rig include signals from: the inlet, outlet, and compressor annulus pressure 
transducers, the inlet duct and compressor annulus hotwire anemometers, and the 
position encoder installed on the bleed valve. This information is collected and sent 
using a standard data acquisition board and a variety of custom hardware. The 
flow of data to and from the PC is managed using the Sparrow real-time kernel [36] 
developed at Caltech. Sparrow provides a set of C routines for accessing I/O boards 
and executing servo-loops. As previously stated, the servo rate on the compressor 
rig is typically 2000 Hz. 
4.2 Unactuated Compressor Behavior 
There are some basic measurements of the open loop experimental behavior of the 
Caltech rig which are required for understanding what changes actuation (open or 
closed loop) produces. In this section some of these measurements are presented; 
they include compressor characteristic performance maps and transient data for the 
transition from a steady operating point to rotating stall. Transient data for surge 
cycles can be found in Section 6.2. 
Additional measurements of the compressor behavior are located in Appendix B. 
In particular, the appendix contains data on how much the rotating stall cell extends 
throughout the compressor annulus (both over the span and around the circumfer- 
ence). The percentage of the overall pressure rise delivered by the rotor and by the 
stator are also presented. 
4.2.1 Compressor performance characteristic 
The dynamic behavior of the compressor system has many of the basic properties 
of high performance, axial flow compressors, and the primary way of showing this 
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Figure 4.3 Caltech rig compressor characteristic. Dark lines indicate 
continuous changes in the operating point while lighter lines repre- 
sent discontinuous changes. The circles mark the points of disconti- 
nuity. 'P' is the operating point for the parametric studies outlined 
in Chapter 5. 
is by comparing the compressor performance to that obtained from a real engine, 
see for example the text by Wilson [44]. The measured compressor characteristic 
for the Caltech rig is shown in Figure 4.3. The effect of rotating stall is clearly seen 
in the measured compressor performance characteristic. As the flow is decreased 
beyond the value at which the characteristic reaches its peak (by closing down 
throttle), the compressor enters rotating stall and operates at a much lower average 
pressure. Once in rotating stall the flow must be increased substantially (by opening 
the throttle) before the system returns to the unstalled portion of the compressor 
characteristic. 
4.2.2 Stall cell development 
In addition to the annulus averaged values of the pressure rise and flow coefficients, it 
is also instructive to look at the transient behavior of the pressures in the compressor 
annulus near the rotor face. Figure 4.4 shows data taken using the six pressure 
transducers installed on the sensor/actuator ring. The figure shows a first mode 
dominated rotating stall condition. The rotation rate of the first mode of rotating 
stall just after the transition to stall was found to be 65 Hz. This corresponds 
to a single region of higher than average pressure rotating around the compressor 
annulus at 65 Hz. The plots in Figure 4.4 show the modal components of the pressure 
disturbance when a transition from unstalled to stalled behavior occurs. Since six 
equally spaced pressure transducers were used to measure the pressure disturbance, 
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Figure 4.4 Annulus pressure transducer data for the transition to ro- 
tating stall. 
only the first two modes could be determined. As can be seen, the dominant mode 
during the transition is the first one. From the slope of the phase plots one can 
conclude that the first mode disturbance is rotating at a rate d approximately 65 
Hz, and the second mode is also rotating at approximately 65 Hz. This is consistent 
with a pressure disturbance rotating about the circumference of the compressor at 
a rate of 65 Hz. To ascertain that no significant aliasing was taking place due to 
the use of only six pressure transducers, time domain measurements were analyzed 
for each pressure transducer and the power spectrum determined. It was found 
that most of the signal power was contained in two bands centered around 65 Hz 
and 130 Hz. Assuming that the pressure disturbance is a traveling wave about the 
circumference of the compressor, this would indicate that the third mode component 
is also negligible spatially about the circumference of the compressor. 
If the rig is allowed to continue to operate in a stalled condition, then there is 
a transition to a second mode dominant rotating stall. This corresponds to two 
regions of higher than average pressure rotating around the compressor annulus. 
These modes of rotating stall are bistable; i.e. the rig will transition back and forth 
between the two modes without changes in the throttle setting. This behavior 
is shown in Figure 4.5, and further measurements of this effect are presented in 
Appendix 13. The figure suggests that at least two modes of rotating stall must be 
included in any model or simulation of the Caltech rig. 
4.3 Actuated Compressor Behavior 
The effects of the air injectors can be roughly characterized by their effect on the 
static compressor map. In [9], the effect of continuous air injection into the rotor 
face at different incident angles was investigated. Similar effects were presented 
by Day [ll], and by Khalak and Murray [27]. The experimental results presented 
there indicated that the steady state compressor characteristic could be substantially 
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Figure 4.5 Bistable rotating stall, rig transitions between a dominant 
first mode rotating stall and a dominant second mode rotating stall. 
altered by air injection. In Figure 4.6, the shifted compressor characteristics are 
plotted for various incident angles. In these plots, the flow coefficient corresponds 
to the mass flow through the compressor (sum of the inlet mass flow plus the injected 
mass flow). Note that for positive angles (air injected into the blade rotation), the 
shifting of the characteristic is approximately the same, the only difference is the 
stall inception point (as marked by circles). 
In addition to the change in the flow and pressure rise coefficients at the transi- 
tion to rotating stall, the size of the hysteresis region associated with clearing the 
rotating stall cell was also affected by the air injection. Figure 4.7 shows examples 
of how the size of the hysteresis region changes as the location and angle of air 
injection is changed. These effects are more carefully quantified an the air injection 
geometric parametric study. 
Parametric study 
The focus of these experiments was to determine Plow air injection upstream of the 
rotor can affect the stall characteristics of these compressors. In order to more 
carefully characterize these effects, several parametric studies were performed using 
continuous air in~ection. Figure 4.7 shows examples of how the steady compressor 
performance characteristic can be changed by continuous air injection; these figures 
where originally presented by D'Andrea et al. [9]. The shifts shown were obtained 
by changing the orientation of the air injection ports in the sensor/actuator ring, 
and three geometric variables are different between each of the plots. These three 
variables are the angle relative to the mean axial flow, the span position in the 
compressor annulus, and the distance that the injected air travels before reaching 
the rotor face. The experiments presented here separate the effects of each of these 
geometric parameters by measuring the compressor characteristic as each parameter 
is varied individually. 
Figure 4.8 shows a schematic of how the air injectors are physically placed in 
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Figure 4.6 Compressor characteristics for various air injection angles. 
'NAI' corresponds to the unactuated case (no air injection). The cir- 
cles mark the peak operating point for each compressor characteristic. 
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Figure 4.7 The compressor characteristic obtained for different air injec- 
tion positions is shown as a solid line. For comparison, the compressor 
characteristic obtained with the air injection off is shown as a dashed 
line. 
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Figure 4.8 Parametric study details. The dashed line shows liow the 
injection position was varied for the plots in Figure 4.7 and the dot- 
ted line shows how the injection position was varied for the plots in 
Figures 4.9 and 4.10. 
the compressor annulus and shows each of the three geometric parameters described 
above. In the studies presented here, only the angle relative to the rnean axial flow 
and the span wise position of the air injection were varied. The distance to the 
rotor face parameter has the additional effect of changing the velocity profile of the 
injected air by the time it reaches the rotor face, and this effect was investigated in 
a later parametric study where the amount of injected air was varied. 
The shift of the compressor characteristic obtained by continuous air injection 
can be described by two parameters, the amount that the stall point is moved and 
the change in the size of the hysteresis loop. Figure 4.9 shows how the stalling flow 
rate is extended for various injection angles and spanwise injection heights. The 
plot shows the difference between stalling mass flow for the uninjected case and 
the continuous air injection case. Lower stalling flow rates than the uninjected case 
result in positive values in the plot. The results indicate that the greatest extensions 
occur at  large angles and at near 100% span (i.e. tip). 
In addition to the stalling flow coefficient extension, the presure rise at the stall 
point is d so  affected by the air injection. Figure 4.10 shows the change in the 
pressure rise delivered by the compressor system as a function of the injection angle 
and spanwise position. Again the results are plotted as the difference between the 
stalling pressure rise for the uninjected case and the injected case. Positive values 
in the plot correspond to the injected case providing higher pressure rise than the 
uninjected case. The plot shows that the greatest extension occurs for positive 
injection angles and 100% span injection. 
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Figure 4.9 Air injection parametric study of geometric parameters: 
change in stalling flow coefficient. 
Figure 4.10 Air injection parametric study of geometric parameters: 
change in pressure rise at  stall point. 
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The optimal choice for geometric location of the air injectors for closed loop 
experiments, based on the analysis presented in Section 2.3.1, would be positive 
injection angle around 30 degrees at the tip of the rotor. 
In the second parametric study, the amount of injected air is varied in order 
to determine the minimum amount of injection required to achieve the decrease in 
stalling flow rate and the reduction in the size of the hysteresis loop. This study 
is of particular interest because the viability of air injection actuation on real gas 
turbine engines depends on using very low amounts of injection. 
Chapter 5 
Experimental Closed Loop Control of Stall 
and Surge 
In this chapter, experiments in active control of rotating stall are presented. Ex- 
periments were performed to validate the analysis presented in Section 2.3.1 for a 
axial air injection scheme with proportionali feedback on the stall cell amplitude. In 
addition, a pulsed air injection controller for rotating stall which takes advantage of 
the previously described shift in the steady state performance characteristic is pre- 
sented (see Section 4.3). The optimal parameter choices for the pulsed air in~ection 
controller werc determined through a global search. Based on these results, two 
rotating stall controllers are investigated, one which has a substantially different 
performance characteristic than the unactuated case and one in which the change 
in performance is not as drastic. The effects of this optimal controller, designed for 
the control of rotating stall, are investigated on the rig in the surge configuration. 
A second set of experiments is performed in an attempt to control surge using a 
bleed valve based controllex. Finally, the combination of these two controllers is 
investigated experimentally as was suggested in Section 2.4. 
5.1 1-D Rotating Stall Controller 
In order to test the closed loop compressor characteristic shifting idea presented in 
Section 2.3.1, a series of experiments were performed. Recall that the control scheme 
presented there was based oil a shift of the nominal compressor characteristic which 
was proportional to the amplitude of the first mode amplitude of the rotating stall, 
i.e. 
In order to achieve this proportional feedback on the amplitude of the stall cell 
magnitude, the duty cycle of the air injectors was varied. A carrier frequency 
of 100 Hz was used, with the duty cycle varying between 0-100% proportional 
to the amplitude of the static pressure perturbation amplitude. Two shifts were 
investigated, one with a rotating stall hysteresis region that did not overlap that of 
the uninjected case and one with a hysteresis region that did overlap. 
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Figure 5.1 Closed loop compressor characteristic and bifurcation di- 
agram, obtained with 1-D proportional feedback: non-overlapping 
hysteresis case. 
Figure 5.1 shows the closed loop compressor characteristic obtained for the non- 
overlapping hysteresis region case (left of figure), along with an experimental bifur- 
cation diagram (right of figure). The figure clearly shows that the entire nonzero 
equilibria branch is stable, and there is therefore no hysteresis region associated 
with rotating stall. This case is in exact agreement with the analytical results of 
Section 2.3.1. 
Figure 5.2 shows the closed loop compressor characteristic obtained for the over- 
lapping hysteresis region case (left of figure), along with. an experimental bifurcation 
diagram (right of figure). The experimental bifurcation diagram shows the effects 
of saturation described in Section 2.3.1. The hysteresis region is as would be ex- 
pected from the analysis in that section, but there is one discrepancy which is not 
accounted for. While the size of the hysteresis region for the closed loop system is 
as the analysis predicts, no new small amplitude rotating stall solutions were ob- 
served (the theory predicts that there should be some prior to transition to rotating 
stall). One possible explanation for this discrepancy is that the gain for the propor- 
tional control was not Large enough. The experimental search for these new small 
amplitude rotating stall equilibria was not exhaustive, and there is room for more 
investigation of this phenomenon. 
It  should be noted that the bifurcation diagrams for the continuous air injection 
case show that the air injection introduces a large amount of non-axisymmetric flow 
disturbance. This is evident in both the non-overlapping and overlapping hysteresis 
cases, and is one reason that the active control strategy is better than simply using 
continuous air in~ection. In other words, with active injection flow perturbations 
are introduced only when necessary. 
The MG-3 model of control using an axisymmetric compressor characteristic 
shift behaves very similarly to what was observed in these experiments. This sug- 
gests that other control methods which would rely on a compressor performance 
characteristic shift as a means of active control could be modeled in the same way. 
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Figure 5.2 Closed loop compressor characteristic and bifurcation dia- 
gram obtained with l-D proportional feedback: overlapping hysteresis 
case. 
The analysis in Section 2.3.1 is general enough that it captures any mechanism for 
producing the shift from the nonmial compressor characteristic Q,, (@). Some other 
possible methods of achieving a shift in the compressor characteristic include active 
casing treatments and hub distortion. 
5.2 2-D Rotating Stall Controller 
In this section, experimenta.1 results on the use of pulsed air injection to control 
rotating stall are presented. This controller was developed (i.e. the optimal controller 
parameters were determined) on the Caltech rig in the rotating stall configuration 
(the configuration shown in Figure 4.1). In this study, optimal refers to the controller 
which was able to eliminate a growing stall cell the fastest; a more quantitative 
description of this is presented when the parametric study is described. The effects 
of this control strategy on the surge dynamics are also explored. Many of the 
results presented here were previously presented in [7, 8, 91 and represent joint work 
with Raffaello D'Andrea, but the presentation here includes additional details and 
investigations. 
5.2.1 Optimal placement of air injectors 
The experimental results from Section 4.3 and the theoretical results from Sec- 
tion 2.3.1 combine to give a choice for the optimal placement of the air injection 
actuators. The best choice of actuator geometric parameters is shown in the upper 
right of Figure 4.7. For that particular configuration, the hysteresis loop size is min- 
imal and the stall point is moved the furthest up and to the left. A more generic sort 
of shift is shown in Figure 5.3, where the characteristic obtained using continuous 
air injection at an incident angle of 40 degrees is plotted along with the unactuated 
characteristic. The most distinct difference between these two cases is that in the 
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Figure 5.3 Compressor characteristic at air injection angle of 40 degrees. 
former the hysteresis regions of the two open loop compressor characteristics do 
not overlap, and in the later the hysteresis regions do overlap. The operating point 
P, shown with a * in the figure, is the nominal operating point for the parametric 
studies presented in Section 5.2.3. In this chapter, closed loop controllers for both 
the overlapping and nonoverlapping hysteresis regions will be investigated. 
5.2.2 Description of control algorithm 
The basic strategy of this controller is to sense the location and magnitude of the 
peak of the first mode component of a circumferential pressure disturbance and 
inject air based on the location of this first mode relative to the positions of each 
air injector. The motivation for focusing on only the first mode was the unactuated 
measurements of the transition to rotating stall presented in Section 4.2.2. The 
measurements presented there showed that the first mode is the dominant Fourier 
component during the transition to rotating stall. While the second mode was 
detectable it was present to a lesser extent. A controller designed specifically for 
recovery from rotating stall might need to focus on both the first and second modes 
due to the bistable behavior present in the Caltech rig (see Section 4.2.2). 
The action of the controller is parameterized by the following variables: 
je ton minimum pulse width 
threshold  threshold for stall detection 
window angle window for stall detection 
angle 1 activation angle for air injector 1 
angle2 activation angle for air in~ector 2 
angle3 activation angle for air in~ector 3, 
and the algorithm itself is shown schematically in Figure 5.4. The flow chart can 
be interpreted as follows: each air injector is activated when the magnitude of the 
5.2. 2-0 Rotating Stall Controller 
-Increment counter 
YES 1 
Figure 5.4 Control Algorithm. The above logic is repeated for each 
air injector. The double rectangle corresponds to the beginning of a 
servo-loop, which occurs at  a rate of 2000 times per second. Figure 
courtesy of Raffaello D9Andrea. 
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first mode is greater than threshold  and the location of the peak of' the first mode 
is within a pre-specified range of angular positions (as determined by angle and 
window); once an air injector is activated, it remains activated for je ton number of 
servo-loops, irrespective of the magnitude mag and location phase of the first mode. 
Note that phase and mag refer to the phase and magnitude of the first Fourier 
coefficient, not the physical location and value of the peak pressure disturbance at 
the compressor face. The higher circumferential modes effect the exact location, but 
the available pressure sensors only provide the location of the first two modes. In 
the case that the pressure disturbance is sinusoidal (which is a good approximation 
when fully stalled), phase and the physical location of the peak pressure disturbance 
differ only by a constant, which is due to delays in the data acquisition stage. 
5.2.3 Parametric search for optimal con t ro l l e r  
The parametric search presented here was performed using the air injection geomet- 
ric parameters that produced the compressor characteristic shift shown in Figure 5.3. 
Similar results were obtained for other compressor characteristic shifts. The param- 
eters which describe the controller action were varied in order to determine the 
values that provided the best closed loop performance. The parameters varied were 
je ton  and angle l ,  angle2 and angle3. For this parametric study, the value of 
th reshold  was set to correspond to a pressure rise coefficient of 0.004 (10 Pa), and 
window was set to 25 degrees. 
The value of threshold was selected to be slightly above the noise level in the 
determination of the stall cell magnitude; this choice allowed the control algorithm 
to sense a stall cell forming as quickly as possible without introducing chatter. 
The value of window was selected to ensure that the peak of the stall cell dis- 
turbance would not be missed. If the first mode is assumed to rotate at a constant 
sate of 65 Hz for a11 amplitudes (Figure 4.4 shows that this is a reasonable assump- 
tion), one servo-loop corresponds to a stall cell rotation of 12 degrees. It was found 
experimentally that the value of window could be set in the range of 15 degrees to 
90 degrees without changing the performance of the controller. 
Effect of activation angles 
In order to determine the optimal control strategy, for a fixed value of j eton, a search 
was performed over the activation angle for each air injector. The compressor was 
operated at point P in Figure 5.3. Parameters angle l ,  angle2, and angle3 were 
each varied in 30 degree increments, from 0 to 330 degrees. These ranges gave a total 
of 1,728 different controllers that were tested for each value of jeton. For each of 
these controllers, the algorithm was operated for sixteen seconds, while the average 
size of the stall cell and the amount of time each air injector was on were recorded. 
A 0.1 second disturbance was generated every second using the high speed bleed 
valve in order to ensure that the compressor would stall. The sixteen disturbances 
also decreased the effects that fluid noise introduced into the testing. 
The criterion used to determine the optimal setting for angle l ,  angle2, and 
angle3 for a fixed je ton  was the setting which yielded the lowest value for the 
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average magnitude of the first mode (other criteria were also investigated, such as 
the total time that air injectors were on and the average pressure rise across the 
compressor, and produced roughly the same results). 
The results of this parametric study for j eton = 15 are given in Figure 5.5. In 
the figure shows twelve separate plots; one for each setting of anglel.  Dark areas 
correspond to low average values for the first mode disturbance, while light areas 
correspond to large average values. These plots show that the optimal setting for 
angle 1, angle2, and angle3 is roughly (90,210,330), and that the performance of 
the control algorithm is insensitive to simultaneous parameter variations of up to 
30 degrees from the optimal setting. The white asterisks in the plots correspond to 
the optimal setting for angle2 and angle3. The corresponding plots for Seton = 
11, 13, 17 and 19 are shown in Figure 5.6. 
Effect of t ime delays 
In order to understand the operation of the controller, the activation and deac- 
tivation delays of the air injectors must be taken into account. Using hot-wire 
measurements of the velocity profile that the air injectors produce (see Appendix C 
for further details on these measurements), the average activation delay for each 
injector was determined to be 6.5 ms, while the deactivation delay was 4.5 ms. The 
activation delay corresponds to the time difference between when the injected air 
reaches 50% of its steady state value at the rotor face (which is a distance of ap- 
proximately 9 cm from the exit of the injector) and the time that the injector is 
commanded to turn on. This delay includes the time required to open the solenoid 
valve and the transport delay incurred as the air moves from the injector exit to the 
rotor face. The deactivation delay corresponds to similar delays that occur when 
the injector is commanded to turn off. For further information see Appendix C. 
If a constant rotation rate of 65 Hz is assumed for the stall cell, then the position 
of the peak of the stall cell disturbance relative position of the air in~ector at the 
valve activation time can be determined. This is depicted in Figure 5.7 for jeton 
= 15 and air injector 1. The 90 degree rotation corresponds to the experimentally 
determined optimal lag; the 185 degree lag corresponds to the delay from sensing to 
actuation; the -30 degree rotation corresponds to the measured physical location 
where the injected air strikes the rotor face (recall that the air injectors were angled 
into the blade rotation). Therefore air injector 1 activates approximately 55 degrees 
before the peak of the pressure disturbance and deactivates 70 degrees after the 
peak. Since the air injectors were physically spaced 120 degrees apart and the 
experimentally determined lags for anglel ,  angle2, and angle3 were also spaced 
120 degrees apart, a similar argument holds for air injectors 2 and 3. 
The experimentally determined optimal controller can easily be visualized in 
Figure 5.8. In the figure, the delays described above are taken into account so that 
the position of the injected air relative to the stall position can be seen. The light 
region corresponds to an area of higher pressure (stalled region), the boxes represent 
the position of the injected air, and the stall cell is rotating counter-clockwise. The 
stall cell position relative to the actuator when the flow from the injector reaches the 
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Figure 5.5 Parametric study, jeton = 15. Darlc areas correspond to low 
average values for the first mode disturbance, light areas correspond 
to large average values. The white asterisk corresponds to the optimal 
setting for angle2 and angle3, 210 and 330 degrees. Figure courtesy 
of Raffaello D'Andrea. 
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j e ton  = 11 je ton  = 13 
j e ton  = 17 je ton  = 19 
Figure 5.6 Parametric study, results for various values of jeton. Figure 
courtesy of Raffaello D'Andrea. 
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Figure 5.7 Stall cell position relative to air injector position. The 
shaded region corresponds to the location of the peak of the first mode 
disturbance for which the air injector is on (assuming a constant stall 
cell rotational rate of 65 Hz). Figure courtesy of Raffaello D'Andrea. 
Figure 5.8 Injector Control Law. Light region corresponds to the stall 
cell (which rotates counterclockwise), figure at  left shows stall cell 
position when the air injector turns on (in~ector position shown by 
box) and figure a t  right shows stall cell position when the air injector 
turns off. 
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rotor face is shown on the left and the stall cell position a t  the instant when the flow 
from the injector stops reaching the rotor face is shown on the right. Intuitively, the 
controller attempts to increase the flow in the regions of the rotor which are stalled. 
It  should be noted that the illustrations in Figure 5.8 correspond to actual data. 
Effect of pulse w id th  
Experiments showed that for values of je ton  less than 10 and greater than 21 
the compressor remained stalled all of the time. If the air injector activation and 
deactivation delays into account, a value of 9 corresponds to  approximately 2.5 ms 
of on-time for each in~ector, or a window of 60 degrees if the stall cell is assumed 
to rotate at 65 Hz. This amount of time apparently was not enough to bring the 
compressor out of stall. A value of 22 for je ton  corresponds to approximately 9 
ms of on-time for each injector, or about 210 degrees at  a rotation rate of 65 Hz. 
For this value, the air injectors remain active even when the local flow is above the 
circumferentially averaged value (i.e. when the stalled region has passed). 
One way to understand why there should exist an upper and a lower bounds for 
the value of je ton  which eliminates stall is through limiting arguments. Clearly for 
J e ton  = 0 (no control), the compressor will transition into stall. When J eton = oo, 
the air injection corresponds to the continuously on case shown in Figure 5.3. It was 
verified experimentally that the throttle disturbance was large enough to cause the 
rig t o  stall for the continuous air injection case, and the control law should behave 
no differently. 
Another way to understand why there are minimum and maximum values for 
which tbe controller can eliminate the rotating stall cell is by visualizing the first 
circumferential Fourier mode of the injected air. If the controller is thought of as 
canceling the first mode of the rotating stall, then the controller will need to have 
some minimum amount of first mode component. When the injectors are off, there 
is cieariy no first; mode component, and when the injectors are all on there is also 
no first mode component. The optimal controller presented above maximizes the 
amount of first mode flow perturbation that three air injectors can produce. 
Exper imenta l  investigation of t h e  opt imal  controller 
Experimental investigations of the optimal pulsed air injection controller presented 
above are described here. Transient measurements of the control law rejecting grow- 
ing stall cells is presented. 
A typical disturbance rejection by the pulsed air injection controller using the 
optimal parameter choices is shown in Figure 5.9. The figure shows time traces for 
three of the six annular pressure transducers, the amplitudes of the first two Fourier 
modes, the three air injector command signals, and the pressure rise delivered by the 
compressor. The figure shows that during the rejection of a developing stall cell the 
pressure rise cocfficient drops by approximately 20% of the pressure rise developed 
at the nominal operating condition and then recovers. It  can also be seen in the 
time traces of the annular pressure transducers that the controller drives the energy 
of the first mode rotating stall into a high frequency "surge-like" oscillation. This 
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Figure 5.9 Time traces of closed loop operation. The upper left plot 
shows the output of three pressure transducers space 120 degrees apart 
in the compressor annulus. The lower left plot consists of the control 
signals applied to the air in~ectors. The upper right plot consists of 
the calculated first and second spatial Fourier mode magnitudes; the 
dashed line corresponds to the setting for th reshold .  The lower right 
plot consists of the variation in the pressure rise coefficient. 
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Transient Response to Disturbance for 4.1 meter Duct Controller: Transient Response to Disturbance for 5.25 meter Duct 
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Figure 5.10 Comparison of surge-like ringing for different duct lengths. 
Rotating stall is driven into acoustic mode of duct. 
oscillatioil corresponds to the acoustic frequency of the ducting on the Caltech rig. 
Figure 5.10 shows time traces of controller transients of the rig in the rotating stall 
configuration with different total lengths of ducting. The upper plots correspond to 
time traces of three pressure transducers spaced 120 degrees around the compressor 
annulus, and the lower plots show the amplitude of the first spatial Fourier mode 
computed from the three pressure transducers. The square waves denote air in~ector 
controller action. The acoustic mode in the upper two plots are characterized by the 
three prcssure transducer time traces being in phase (for first mode rotating stall 
the transducers are 120 degrees out of phase). The figure shows the disturbance be- 
ginning as a non-axisymmetric perturbation, which is characteristic of rotating stall, 
and then transitioning into an axisymmetric perturbation before dying completely 
away. The frequency of the axisymmetric perturbations which occur at  the end of 
the disturbance transient were found to correspond to the acoustic frequencies for 
ducts of {,he lengths shown in the figure. 
Closed loop compressor characteristic 
The closed loop compressor performance curve is shown in Figure 5.11 for the op- 
timal choice of injector phasing and je ton  = 15. The results shown to the left 
of the peak of the characteristic are time averaged values, since the controller is 
continuously rejecting stall disturbances in this region. Error bars are included to 
show the time variation of the circumferentially averaged flow and the pressure rise 
coefficients at these unsteady operating points (this is because the system is contin- 
uously rejecting rotating stall disturbances in this region). The figure shows that 
hysteresis loop associated with rotating stall is eliminated by the pulsed air injection 
controller. 
The closed loop compressor characteristic shown in Figure 5.11 resulted from 
performiiig the above control algorithm with the air injectors placed in a configu- 
ration that procluced the shift in the compressor characteristic shown in Figure 5.3 
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Figure 5.11 Closed loop compressor characteristic fbr j e ton  = 15, opti- 
mal controller. The asterisks correspond to time averaged data, while 
the solid lines interpolate these points. The pressure and flow vari- 
ance are included for each data point as error bars. The open loop 
compressor characteristic is included for comparison purposes. 
when continuous air injection was applied. 
In addition to the closed loop compressor characteristic for the optimal controller 
presented above, the closed loop characteristic for a case where the placement of 
the air injectors resulted in non-overlapping hysteresis regions for the continuous 
air injection and the uninjected case was determined. Using the air injection ge- 
ometry which produced the shift shown in the upper right of Figure 4.7 produced 
the closed loop characteristic shown in Figure 5.12. The only difference that is 
apparent between two closed loop compressor characteristics is that the case with 
non-overlapping hysteresis regions has a less step dropoff in pressure rise as the 
throttle is closed past the peak of the compressor characteristic. Froin these results 
it is clear that shifting the characteristic to the point where the hysteresis regions 
do not overlap does not provide significant benefit for this form of controller. 
Figure 5.13 shows the transient behavior at two points (A and B) on the closed 
loop compressor characteristic shown in Figure 5.12. The figure shows the unsteadi- 
ness associated with operating the closed loop system to the left of the compressor 
characteristic peak (point B). Again, there are no significant differences between this 
case and the overlapping hysteresis case. The fact that non-overlapping hysteresis 
regions were not required to eliminate the hysteresis associated with rotating stall 
(this was not the case for the 1-D proportional controller presented in Section 5.1) 
is a strong motivation to investigate this and other 2-D actuation schemes further. 
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Figure 5.12 Closed loop performance characteristic for air injection ge- 
ometric parameters which provide no overlap of the hysteresis regions. 
5.2.4 Pulsed air injection control in the presence s f  surge dynamics 
Several experiments were performed to determine the effect of the control algorithm 
when the rig was operated in the surge configuration, and the results are shown in 
Figure 5.14. At operating point P (see Figure 4.3), a throttle disturbance lasting 20 
rotor revolutions (0.2 seconds) was generated using the high speed bleed valve. Data 
for the uncontrolled case is shown in the top four plots of Figure 5.14 for reference. 
Tine plots of the uncontrolled case show two different surge modes, one a t  1.4 
Hz and the other at 1.8 Hz (these two different surge modes are investigated further 
in Chapter 6). The time traces for the first mode rotating stall clearly show that 
the compressor goes into stall during the low flow rate intervals and comes out of 
stall during the high flow rate intervals. The pressure rise coefficient versus flow 
coefficient plot clearly illustrates the two different surge limit cycles (note that the 
surge cycles are traversed in a countercllockwlse direction). 
The bottom four plots show the transient behavior of the compression system 
when the pulsed air injection controller for rotating stall is active. The plots show 
the response to a single throttle disturbance. As in the uncontrolled case, each 
pressure disturbance de-stabilized the system. Note that the controller had virtually 
no effect on the surge trajectory during the time the disturbance was present (in 
this 20 revolution time period, the tra~ectory is virtually the same as the one in 
the previous experiment). On the subsequent cycle the pressure and flow variations 
were substantially decreased and then eliminated. Experiments showed that by 
shortening the time duration of the pressure disturbance (while still keeping it large 
enough to cause the open loop system to go into surge), the pressure and flow 
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Figure 5.13 Comparison of controller performance for two different 
throttle settings. Points A and B refer to the operating points shown 
previously in Figure 5.12. The first mode stall cell amplitude for 
the uncontrolled case is shown in gray. Figures courtesy of Raffaello 
D 'Andrea. 
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Figure 5.14 Effects of pulsed air injection controller on the surge dy- 
namics. The top four plots correspond to no control action, and the 
bottom four plots correspond to pulsed air injection control. The 
horizontal line in the time trace plots corresponds to the throttle dis- 
turbance on time. 
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Figure 5.15 Bipolar closed loop throttle controller for surge. The 
dashed line corresponds to no control action, and the solid line corre- 
sponds to the controlled case. 
variations during the first cycle were reduced. For short disturbances, the magnitude 
of the pressure and flow disturbances could be kept to within 30% of the nominal 
operating flow and pressure rise. 
An explanation of why the control algorithm is successfuP at eliminating surge 
is based on the strong coupling between the surge and stall dynamics. Since the 
compressor begins to stall when the flow coefficient is decreasing, the stall controller 
can react to this aspect of the surge dynamics. When the system begins to stall, 
the control algorithm activates, and tries to eliminate the stalled condition. This 
has the effect of increasing the net flow rate through and pressure rise across the 
compressor when these states are low during a surge cycle. The control algorithm 
therefore provides positive damping to the surge dynamics. 
5.3 Bleed Valve Control of Surge 
The previously described rotating stall controller was experimentally developed us- 
ing the rig in a configuration where surge does not occur. If the rig is operated in 
the surge configuration, then the surge dynamics must also be controlled. A con- 
troller which has previously been shown to stabilize the surge dynamics by Eveker 
et al. [15] and by Badmus et al. [4] is given by: 
where ka is a negative constant. The season that this sort of controller stabilizes 
surge was investigated in Section 2.4. 
Figure 5.15 shows the experimental results from implementing this controller on 
the Caltech rig. The figure shows that the system recovered from a full amplitude 
surge (the worst case disturbance) in less than one complete cycle. The final operat- 
ing point is a new equilibria corresponding to rotating stall. Note that the signal for 
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Figure 5.16 Unipolar closed loop throttle controller for surge. The 
dashed line corresponds to no control action, and the solid line corre- 
sponds to the controlled case. 
6 was obtained using a hotwire anemometer in the inlet duct, and performing the 
differentiation using a digital filter. Other signals for the feedback (such as \f and 
the time derivative of the static pressure in the inlet duct) were also implemented 
and the results were similar: 
In addition to implementing the controller described above for surge, a slightly 
different controller was also investigated. In this case, the value of k2 was not a fixed 
constant, but had a value of zero when 4 > 0 and a negative value when 6 < 0, i.e. 
0 i f 420  kZ = 
negative constant if d, < 0 
This form of controller has the advantage of leaving the valve closed (no air is bleed 
off to atmospheric pressure) when the rig is operating under normal conditions. The 
results of using this sort of controller are presented in Figure 5.16. The figure shows 
that the recovery from fully developed surge takes less than on surge cycle, and that 
the controller performance is not significantly different than the previous case. 
This nonnegative (unipolar) control strategy is the sort that would be used on 
an actual jet engine compressor, since it is obviously not efficient to dump some of 
the pressurized Aow to atmosphere unless it is absolutely necessary. Experimentally 
this unipolar controller required a gain twice as high as that required for the bipolar 
case presented above, which is as would be expected since energy can only be pulled 
out of the surge cycle during half of the orbit. 
5.4 Combined Control of Rotating Stall and Surge 
The previously described air injection controller for rotating stall and bleed valve 
controller for surge were combined. The motivation for this combination was de- 
scribed in Section 2.4, and is that since the rotating stall dynamics occur on a much 
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faster time-scale than the surge dynamics, the controller design for each aspect can 
be decoupled. 
Since the surge controller alone removes the surge osciiiations but ieaves the 
system in a new rotating stall equilibria, some sort of rotating stall controller is 
of course required. In previous work by Eveker et al. [15] the rotating stall was 
controlled using the feedback proposed by Liaw and Abed [30]. In this case the 
rotating stall was controlled with the previously described pulsed air injection con- 
troller. Figure 5.17 shows response of the uncontrolled system to a throttle dis- 
turbance, and Figure 5.18 shows a comparison between the air injection controller 
for rotating stall alone, and the combined bleed valve surgelair in,jection rotating 
stall controller. In both figures a square wave shows the presencc of the throttle 
disturbance in the pressure rise and flow coefficient time traces; the disturbance 
is active when the square wave is low. The combined case corresponds to using 
optimal air injection control strategy presented in Section 5.2 and the bleed valve 
controller for surge presented in Section 5.3. The figure shows that the combined 
surgelrotating stall controller has the minimum amplitude of the flow and pressure 
rise coefficient fluctuations, which are roughly half the size of those obtained using 
the air injection controller alone. The combined surgelrotating stall controller does 
have slightly more ringing in the pressure rise and flow coefficients for the choice of 
gains presented in Figure 5.18. For a complete engine system (i.e. if a combustor 
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and turbine were included), these effects may be problematic, and a different set 
of gains may be desirable. These experiments clearly show that under some condi- 
tions the controller designs for rotating stall and for surge can be decoupled (as was 
suggested in Section 2.3.1). 
Chapter 6 
Identification and Validation 
Until recently there has been little interest in the exact shape of the compressor 
charactcristic performance curve, q~,(@), at flow rates lower than that at  which 
rotating stall or surge occurs (the unstable region for zero rotating stall). This has 
been primarily because the operating region was well to the right of this point (in 
the stable region for zero rotating stall). In order to develop models that accurately 
capture the transition into rotating stall, where the flow rate through the compressor 
is locally to the left of the peak of ~J: , , (<P) ,  the exact shape of the unstable portion 
of !PC(@)  must be known. This is easily seen in the MG-3 model by looking at the 
j dynamics, where dictates the linear stability of the zero amplitude rotating 
stall solution, and therefore the slope of 9,(@) must be known to determine the 
time evolution of J (where J is the square amplitude of the first Fourier mode of 
rotating stall, see Section 2.2 for further details). 
In addition to open loop modeling, as active control is used to extend the op- 
erating region nearer to the unstable portion of the characteristic, the exact shape 
of this portion becomes more important. This shape becomes particularly critical 
as contlollers are expected to reject disturbances that carry the systern into the 
unstable region. The two main reasons to develop higher fidelity models for the 
behavior of compression systems are therefore to accurately capture the surge and 
rotating stall type oscillations (open loop matching) and to design controllers which 
avoid entering the unstable region "too much" (closed loop matching). 
Previous work in identifying the unstable region of the compressor characteristic 
involved trial and error combined with considerations of what the basic shape the 
function Q:,,(@) should be. The process involved matching simulation output for 
stall cell growth to experimental time traces of the same. Very good agreement 
between experiments and simulations for this technique were presented by Mansoux 
et al. [31], but only after substantial simulation [37]. It  is also not clear from 
this sort of model matching that there is only a single solution for the compressor 
performance curve. 
In this work, more systematic ways for determining the unstable region of !PC(@) 
are presented. The first method is based on experimental data taken over surge 
cycles. This dynamic correction of compressor characteristic measurements was first 
suggested by Greitzer and Moore in [20]. Here multiple surge cycles were used to 
obtain uncertainty information about the final values for the map @,(a). This sort 
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of systematic way of backing out the compressor characteristic curve is important 
for any sort of model based control design, because it helps to give information 
on the robustness of the final control strategy and because it greatly decreases the 
model identification time. Another systematic method is investigated to identify 
parameters for the Caltech rig when it is operating in configuratioiis which do not 
surge. This method involves measuring the system response to step changes in the 
operating point. The transient response of the compression system was recorded for 
throttle changes which did not excite rotating stall and was used to obtain values 
for rig parameters. Further work is presented which outlines an attempt to measure 
!PC(@) directly by making measurements of the flow and pressure rise coefficients 
directly across a compressor stage. 
Together these three techniques reduce the amount of trial and error simulations 
that need to be performed in order to develop a model for an axial flow compression 
system. This is of particular interest for the Caltech compressor rig where the system 
is often physically changed to the point where re-identification could be required. 
Finally, the proposed identification scheme is applied to the output from dis- 
tributed model simulation in order determine how much error is introduced by using 
the MG-3 model for identification of a much higher order system. This allows the 
sensitivity of the algorithm to parameter changes to be investigated, in particular, 
the sensitivity to changes in parameters which are fixed on the experimental rig and 
which do not appear in the MG-3 model but are included in the distributed model. 
6.1 Experimental Apparatus Configuration 
As was previously described in Chapter 4, the Caltech rig can be operated in both 
a stall configuration and a surge configuration, the difference between the two cases 
being the presence of a 1.81 m3 (64 ft3) plenum between the outlet duct static 
pressure ring and the bleed valve (see Figure 4.1). For the identification schemes 
presented here, the rig was operated in the surge configuration for the identification 
scheme involving surge cycle data and in the rotating stall configuration for the step 
response testing and during the local measurements of the compressor characteristic. 
6.2 Identification Using Surge Cycle Data 
Experimental data over surge cycles provides a rich source of information about 
the pressure rise delivered by the compressor as the flow rate through the system 
is varied. Since surge is a self excited limit cycle, no forcing actuator is required, 
as would be needed, for example, to perform step response testing. If a model for 
the compression system transient behavior is assumed, then information about the 
dynamic response parameters is present, as well as the static compressor character- 
istic map. This sort of experimental data is also relatively easy to collect because 
the surge dynamics occur in the 1-21 Hz, range. In this section the Moore-Greitzer 
surge model is combined with experimental data from surge transients to determine 
rig parameters and the compressor performance map. 
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Rotating stall is neglected in this first identification stage in order to gain in- 
formation as to what level of model needs to be used to fully capture the rotating 
stall. The results from performing the identification with the surge model will be 
the effective compressor characteristic, first described by Moore and Greitzer in [35]. 
The shape of this effective compressor characteristic will be used to determine what 
number of rotating stall modes needs to be included in the identification model in 
order to capture the dynamics of the Caltech Rig. 
6.2.1 Pure surge 
The Moore-Greitzer equations of motion for the compressor system without rotating 
stall (pure surge) are given by 
where \I, is the pressure rise coefficient, is the flow coefficient, and E ,  and B are 
parameters that depend on the compressor. If there were no rotating stall present 
during the surge cycle, the result of plotting experimental data for the solution of 
equation (6.2) for !PC(@) would be the compressor characteristic. If rotating stall 
is present, the result would be referred to as the stalled or effective compressor 
characteristic. 
If experiments could be performed in which the compressor system exhibited 
pure surge, then the compressor characteristic iPIr,(@) (as well as the parameters 
I, and B) could be computed using equations (6.1) and (6.2). One method which 
could be used to do this would be to assume a po!ynornia! expansion for Q,(@) and 
construct two least squares problems based on the experimental data. Choosing 
\I-l,(G) to be a n" order polynomial 
the following two standard linear least squares problems can be formulated: 
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where xl and x2 are unknown column vectors given by 
Experimental data would be used to determine the transient values of G and @, and 
\f and 6 would be determined by an appropriate filter. 
Figure 6.1 shows typical experimental data for the Caltech compressor rig during 
a series of surge cycles. The data was collected at 2000 Hz (the high sample rate 
was so that the rotating stall development could also be captured for later use) 
using a hotwire anemometer in the upstream duct and pressure transducers in the 
inlet and outlet ducts. The values of 6 and 6 were determined after the data was 
collected by using digital filters. A striking feature of the data is that there are 
two distinct lirnit cycles for surge present. The difference between the two cycles is 
the amount of rotating stall present. The larger of the two cycles has rotating stall 
occurring over portion (two thirds) of its orbit and no rotating stall occurring over 
the remainder of the orbit. The smaller cycle is dominated by rotating stall over 
the entire orbit. The amplitudes of the first two modes of rotating stall over the 
surge cycles are also shown in Figure 6.1. 
The identification procedure described above was performed for the data set 
shown in Figure 6.1; the resulting compressor characteristic is shown in Figure 6.2. 
This "dynamically corrected" characteristic curve was obtained by solving equa- 
tion (6.2) for !PC(@). This method provides values for the overall duct length pa- 
rameter, l,, and the Greitzer stability parameter, B [MI. Ideally these terms would 
be determined separately from the compressor characteristic identification process, 
but it is not clear how this could be done. Direct measurement of the geometry of the 
Caltech rig gives approximately B=0.35, using the following relationship from [MI: 
where U, is the rotor tip speed, a is the speed of sound, T/p is the volume of the 
plenum, Ad is area of the duct, and Ld is the length of the duct. This value for B 
gives a surge oscillation frequency which is about twice as fast that obtained from 
the experiment. This is partially explained by the flexibility associated with the 
walls of the plenum installed on the Caltech rig, but inclusion of these effects in 
the computation of B is not straightforward. The two different surge lirnit cycles 
also make the determination of the appropriate surge oscillation frequency difficult. 
Actually, equation (6.7) applies to a surge cycle without the presence of rotating 
stall, which is not observable on the Caltech rig. 
The least squares fit results are plotted in Figure 6.2 along with the experimental 
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Figure 6.1 Experimental data from a series of surge cycles on the Cal- 
tech compressor rig. The graph at the top show time traces of the 
pressure rise and flow coefficients, the middle plot shows the modal 
amplitudes of static pressure perturbations at  the rotor face, and the 
graph at  the bottom shows the data in the a-9 plane. 
6. Identification and Validation 
Compressor Character~st~c Fit (surge5.dat: 25 Apr 96) 
0.4 1 I I I I t I I 
Figure 6.2 Solution of equation (6.2) for ?PC(@) based on experimental 
data. The multiple branches of this stalled compressor characteris- 
tic suggest that more than one mode of rotating stall is required to 
capture the behavior of the Caltech rig. 
data (the experimental result corresponds to plotting the actual data for the group 
lc& + a). If the model above were accurate, then a plot of this group should show a 
basic "S" shape that is typical of the cubic polynomials normally used in modeling 
of the compressor characteristic. Figure 6.2 shows that this is not the case. There 
are three distinct branches of values for the compressor characteristic, a.nd none of 
these leaves the branch of results obtained on the unstalled branch in a smooth 
way, therefore assuming the Moore-Greitzer model for surge and computing 9,(@) 
based on experimental data does not give good results. The reason for this is that 
there is a significant amount of rotating stall present during portions of the surge 
cycle. This curve can therefore be used to decide what order of model (i.e. how many 
modes need the model should include) needs to be used to fully capture the rotating 
stall. While this technique doesn't give good results for the unstalled compressor 
characteristic in the unstable region, it does provide insight into the structure of the 
stalled characteristic. 
If the rotating stall were dominated by the first mode, as the MG-3 model 
assumes, there would be only one solution branch for the stalled compressor char- 
acteristic, but the structure for the experimental data does not suggest this. Since 
the experimental data does not match the MG-3 model, more than a single mode 
of rotating stall must be present. This identification of the stalled compressor char- 
acteristic suggests that at  least a second mode model for rotating stall is required 
to capture the dynamics of the Caltech rig. The next subsection extends the iden- 
tification scheme to include the first two modes of rotating stall. 
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6.2.2 Including stall amplitudes 
The coherent structure of the "dynamically corrected" compressor characteristic in 
Figure 6.2 suggests that the presence of rotating stall during portions of the surge 
cycle might be accounted for in a simple way. If the Moore-Greitzer equations are 
extended to include the first two modes of rotating stall, i.e. 
1 
Q(Q, t )  = + fi (sin Bl + cos 81) + fi (sin02 + cos 02) (6.8) 
where $(Qj t )  is the local flow coefficient in the annulus and J1 and J2 are the 
square amplitudes of the first and second modes of rotating stall which represent 
circumferelitial perturbations superimposed on the annulus averaged flow coefficient 
@, the result is: 
1 a2Q,(@) m = (q , (m)  - a + - 
1, 4 aa2 
(J1 + J2)+ 
1 a3gJ,(cp) 
- 
8 dQ3 JI cos (02 - 281) + HOT 
With this set of augmented equations for a surge cycle, a new linear least squares 
problem can be developed for the compressor characteristic coefficients (the ai for 
the polynomial assumption above) and the system parameters I,, B, and y. This 
identification scheme requires that a, ~IJ, J I ,  and J2 can be measured directly. 
On the Caltech rig the amplitudes of the first two modes of rotating stall for 
the Moore and Greitzer model cannot be measured directly. This is because flow 
measuremcnts around the compressor annulus are not available. Static pressure 
measuremcnts are however available, and these can be used to determine the mag- 
nitude of the rotating stall that is present. In order to perform the identification 
technique presented above for the Caltech rig, this relationship between the static 
pressure pcrturbations and the flow perturbations is required. 
Based on equation (6. l o ) ,  and assuming that the static pressure measurements 
at  the wall capture the effects of the system transitioning into rotating stall, it seems 
reasonable to write the equation for 6 as: 
where MI and M2 correspond to the first and second Fourier modes of the upstream 
static pressure perturbation 6$. The assumption that the pressure measurements 
completely capture the effects of rotating stall is based on the original assumption 
in the MG-3 model of potential flow in the inlet duct. Potential flow upstream, 
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Figure 6.3 Solution of equation (6.11) for PC(@) based on experimental 
data. Shaded region corresponds to experimental data for f ,(a), with 
darker regions corresponding to more experimental data. 
combined with the unsteady Bernoulli equation, gives a closed relationship between 
the flow perturbations and the static pressure perturbations upstream of the rotor. 
The idea behind equation (6.11) is that the amplitudes of the flow coefficient pertur- 
bation amplitudes ( J 1  and J2)  can be expanded in power series in terms of the static 
pressure perturbation amplitudes ( M I  and Ad2). For the identification process pre- 
sented here, it was determined experimentally that only the quadratic terms effected 
the identification process (i.e. including the cubic and higher order ternis did not 
change how well the least squares fit approximated the measurements of 6 and &). 
The development of the relation between the static pressure perturbations and the 
flow perturbations is explored further in Appendix D. Using equations (6.9), (6.11), 
and the experimental data shown in Figure 6.1, the problem can be cast as a least 
squares problem as was described in the previous subsection. 
The results of this identification scheme are shown in Figure 6.3. The results 
of plotting the experimental data for the solution of equation (6.11) for 9,(@) are 
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Figure 6.4 Experimental data compared with the least squares fit re- 
sults obtained using the left hand side of equations (6.11) and (6.9). 
Table 6.1 Caltech compressor surge configuration parameters. 
showfi as the shaded regioii, with the darker areas correspoiicliiig to higher density 
of experimental data points. The figure shows the identified region where the com- 
pressor characteristic lies compared with the polynomial curve for the compressor 
characteristic obtained during the identification, the surge cycle data, the stalled 
compressoi characteristic obtained from the surge identification scheme presented 
in Section 6.2.1, and experimental measurements of the compressor performance. 
Figure 6.4 shows a comparison between the experimental data time traces for 
6 and Q> for the data shown in Figure 6.1 and the least squares fit which resulted 
in the coefficients in Table 6.1. The identification scheme was performed using 
data from 3000 to 4750 rotor radians (to capture both surge cycle amplitudes), and 
the comparison is presented for the entire data set. This time-series data matches 
extremely well match. In this identification scheme, a fifth order polynomial in 4e 
was used for !IJ,(@). 
Although the identification was performed using data over a series of surge cycles, 
it is possible to perform this method with data for only a single surge cycle. There 
would however be greater uncertainty in the parameter determination, particularly 
for a rig which had multiple surge oscillation frequencies (as the Caltech rig does). 
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6.3 Step Response on the Stable Side of *,(a) 
The identification scheme in Section 6.2 focused on identification based on surge 
transient data. On the Caltech rig, this requires that the rig be in a particular 
configuration; one with a large plenum installed in the downstream duct. In order 
to identify parameters for the rig in a configuration where surge does not occur 
(i.e. the configuration shown in Figure 4.1), a different technique must used. This 
configuration is of particular importance for studying controllers for rotating stall 
(for example, the configuration of the rig for the rotating stall controllel presented 
be DIAndrea et al. [9] was in a configuration that did not surge). 
The method presented here is based on the transients obtained during step 
response tests. If the throttle is stepped between two points on the stable side of the 
compressor characteristic curve, then a measurement of the transient response for 
the system can be used to calculate the parameters I, and B. This is possible because 
@,(q5) is known on stable side of the peak. Transients of this form can be taken 
without exciting rotating stall, and the time-scale associated with the unsteady 
response of the compressor characteristic (unsteady loss dynamics) is much faster 
than the time-scale at which the surge dynamics respond. Therefore the unsteady 
loss dynamics can be ignored. These step response tests give measures f o ~  the values 
of 6, and B that will be used to simulate the rig in the rotating stall configuration, 
as opposed to the parameters obtained for I ,  and B in Section 6.2 which will be 
used to simulate the rig in the surge configuration. The compressor characteristic 
information obtained using the surge cycle data is, however, applicable to both rig 
configurations. 
The response of the compressor system states (Q and (I,) to step changes in 
throttle position were recorded. The step changes resulted in changes of (I, and 
as shown in Figure 6.5. Using Figure 6.6 as a lookup table for the value of y as the 
bleed valve angle was varied, a least squares problem was formulated. 
The resulting experimental data for step changes in the throttle position does 
not match the Moore-Greitzer surge model very well. One possible explanation for 
this is that the model assumes that compressibility effects are only important in 
the plenum. As the size of the plenum becomes small, the compressibility effects in 
other areas of the system (e.g. the upstream and downstream ducts, where the flow 
rate is not zero, but about 50% of the value in the of that in the annulus) become 
important. The experimental data also shows a substantial amount of noise in the 
measurement of @ (see Figure 6.5). This is almost certainly part of the reason for the 
poor fit between the experirnental data and the model. Different hotwire hardware 
was used to make the step response measurements presented in this section than 
was used to make the surge cycle measurements in Section 6.2 (which is why the 
surge measurements shown in Figure 6.1 have much cleaner signals for (I,). With 
clean data this identification method may hold more promise. 
A second reason for the poor fit may be that the Moore Greitzer 2-D model 
does not capture the compressor dynamics for very small values of B. Because of 
these problems with this identification scheme, instead of using a least squares fit 
for the data, the value for & was selected as the best match for the maximum or 
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Figure 6.5 Step response of compression system. The plot at  the left 
shows time traces of the experimental data, and plot at  the left shows 
the transient data (dotted line) compared with the unstalled compres- 
sor characteristic. 
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Figure 6.6 Effective throttle positioil y versus bleed valve angle. The 
vertical lines show the two points that the valve was stepped between. 
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Figure 6.7 Experimental data for local measurement of !PC($) across 
a compressor stage. The local measurements are shown as a den- 
sity plot, with darker regions corresponding to more data for a given 
flow/pressure rise coefficient, and the dashed line is a polynomial fit 
to the data. 
minimum values of & that occurred during each step change in the throttle position. 
These extrema give bounds for the values of I, = 29.6 and B = 0.36. 
6.4 Local Measurement  of $ P C ( @ )  
Just as the compressor characteristic can be backed out using transient data taken 
over surge cycles, the characteristic can also be backed out using transient data 
taken over rotating stall cycles. Instead of using annulus averaged values for the 
pressure rise and flow coefficients, local values are used. The distributed model for 
compression systems presented in [31] lrlvolves an assumption of a local compressor 
characteristic applying pointwise around the compressor annulus (the actuator disk 
assumption). In this section experimental measurements taken of the local pressure 
rise delivered by the Caltech compressor rig are presented. The met~surements 
presented here were taken with the rig in the configuration shown in Figure 4.1 
(rotating stall configuration). 
The local flow rate through a rotor stage was measured locally using a hotwire 
probe placed in the compressor annulus within 0.15 rotor radii upstrclam of the 
rotor. The static pressure rise was measured locally across the rotor using a pressure 
transducer on either side of the rotor. The results were low pass filteled to help 
remove effects of the rotor motion (i.e. with a cutoff below the blade pass frequency). 
Figure 6.7 shows experimental data fbr backing out the compressor characteristic 
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by measuring the local flow coefficient and pressure rise across the rotor. The cloud 
of data for the compressor characteristic obtained with these experiments is larger 
than that iouiid in Section 6.2, but the results are comparable. 
6.4.1 Dete r rn ina t io i i  o f  unsteady loss parameters 
Dynamics for the transient response of the pressure rise delivered by the compres- 
sor were p~esented by Haynes et al. [23]. The dynamics presented there basically 
describe the time lag between changes in the flow rate through the compressor and 
the pressure rise delivered by the compressor, and therefore describes the transients 
of the pressure rise delivered by the compressor as the system moves between points 
on the steady compressor characteristic. These effects are important for getting 
simulations of rotating stall to match experimental data. 
The size and shape of the "cloud" associated with the local measurement sf 
the compressor characteristic gives information about the values of the time lag 
parameter in the unsteady loss dynamics equations. Since this parameter describes 
how quickly the pressure rise transitions from one steady state value to another as 
the flow rate is changed, if the lag parameter were large then a wide range of pressure 
rise values would be expected for a given flow rate. This would result in a large 
cloud of da.t;a from experimental measurement of the local compressor characteristic. 
The size of' the cIoud in Figure 6.7 shows that for the Caltech rig the unsteady loss 
time constant is relatively small. This is further explored in the simulation results 
presented in Section 6.5. 
6.4.2 C o m p a r i s o n  with s u r g e  cycle results 
A comparison between of tlie compressor cllaracteristics obtained using the surge 
cycle identification method and by measurements of the flow and pressure rise across 
the r o t a  aye s h ~ w n  in Figure 6.8. The results shew reasnnable agreement. fnr the 
shape of a:,,(@) between the two methods. It should be noted that the surge cycle 
identification provided data for !I!,(@) over a wider range of flow coefficients. The 
fits shown in the figure were not constrained to agree with known values of the 
compressor characteristic (values to the right of the peak when no rotating stall 
was present). For the simulations of the compression system presented in Chapter 7 
the data from these two methods was combined with direct measurements of the 
compressor performance characteristic on stable side to determine a value for @,(a). 
6.5 Comparisons with Sirnulation 
The results presented in this section refer to simulations based on the distributed 
model of the (unactuated) Caltech rig presented in 181. The details of that model 
are not presented here, brrt the theoretical basis for it is presented in [35], [31], and 
in [23]. 
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Figure 6.8 Comparison of compressor characteristics obtained from 
surge cycle identification method (density plot) and flow and pres- 
sure measurements across the rotor (dashed line). 
6.5.1 Identification of a known model 
In this section the identification procedures of Section 6.2 are applied to a simulation 
of a known compressor characteristic. The basic Moore-Greitzer model used in the 
surge identification scheme doesn't include the unsteady response of the compressor 
pressure rise to flow changes or higher order rotating stall modes. In order to 
fully capture the dynamics of stall cell growth, these effects are important. In this 
section the importance of these effects is considered by running simulations of a full 
distributed model for an axial flow compressor with unsteady loss effects included, 
and comparing the identified values for @,(a), B, and I,, with those actually used 
as simulation inputs. This gives a measure for how much these parameters have 
been underlover estimated by assuming such a simple model of the system behavior 
during the identification process. In this section, simulation output for surge cycles 
is identified using the above identification techniques. 
The compressor characteristic curve used as a simulation input was piecewise 
continuous, and the identification scheme performed here on simulation data is 
identical to that performed on the experimental data in Section 6.2. A polynomial 
in is assumed for the compressor characteristic Q,(@), and using the Moore- 
Greitzer model for surge a least squares problem is formulated for the coefficients 
of Qc(Q)  and the rig parameters B, I,, and y. 
Table 6.2 shows the parameters resulting from performing the surge identification 
based on the Moore-Greitzer model for surge on output data from the distributed 
model as the unsteady loss lag parameter, Tr, (see Section 3.1.1), is varied. The 
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Table 6.2 Convergence of identification scheme on simulation data. Ac- 
tual simulation values are: B=0.8, 1,=6.0, y = 0.27. 
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Figure 6.9 Surge identification results based on simulation outputs. 
The top plots show convergence to the simulated compressor charac- 
teristic as the order of the polyliomial assumed for !PC(@) is increased, 
and bottom plots show time traces for least squares fit compared wit,h 
simi~!at,t,i~n 0ut.put. data. 
table shows that as the order of the compressor characteristic assumed in the least 
squares problem is increased, the identified values of B, LC, and y get closer to the 
simulation input values. In addition, the top plots in Figure 6.9 show that the 
identified compressor characteristic approaches the compressor characteristic used 
as simulation input as the order of the polynomial assumed for *,(a) in the least 
squares fit was increased. The figure also shows that the identification scheme is 
robust to variations in the Pag parameter associated with the unsteady loss dynamics, 
and the bottom two plots show how well the identified model fits the transient output 
data from the simulation data for a wide range of' this parameter. 
6.5.2 Unsteady loss parameters 
The time evolution of !PC(+) (based on 1,he model presented in [23]) can be simulated 
using the distributed model, and the results compared to the experiments to gain 
insight on the parameters associated with the unsteady loss dynamics. The time 
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Figure 6.10 Simulated transient response of local compressor charac- 
teristic (dotted line) for various values of the unsteady loss dynamics 
time constant, TL. A surge llilte loop is present, the size of which is 
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constant rir, (see Section 3.1.1) has a drastic effect on the local compressor char- 
acteristic during rotating stall oscillations. Simulations of the sort just described 
are shown in Figure 6.10, where the comparison shows that the local compressor 
characteristic evolves in a surge like loop during a rotating stall cycle if unsteady 
loss lag parameter is high. Based on this simulation, the size of the cloud of data 
obtained in the experimelltal measurements of the local compressor characteristic, 
see Figure 6.7, shows that the value of 7~ on the Caltech rig is relatively small. 
Computation based on physical parameters suggests that the time constant on the 
Caltech rig is 0.5 (based 011 the fluid transport time through the rotor only), but a 
comparison between Figures 6.7 and 6.10 suggests that 0.15 is a more appropriate 
value. 
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Figure 6.11 Simulated compressor characteristic using surge ideiitifica- 
tion scheme including stall effects as presented in Section 6.2.2. 
6.5.3 Open loop simulations of surge and stall 
The main issue in simulations involving either the MG-3 model or the distributed 
model is determining which effects are the most important to match. In the lower 
order model, it is not possible to match all of the phenomena that are present in 
the experimental data. In this section we show how the distributed model simula- 
tion using parameters obtained with the above identification technique compares to 
experimental data for some phenomena. 
Figure 6.11 shows the simulated liysteresis region clue to rotating stall com- 
pared the experimental data. The distributed model with parameters based on the 
identification methods presented here agrees quite well with the experiments. 
There are other comparisons to show between the experimental data and the sim- 
ulation, these include (but are not limited to) the growth rate of stall cell, modal 
content of the stall, and the surge cycle amplitude. Further comparisons and inves- 
tigation of the amount of noise required to match simulation and experimental data 
are presented in Chapter 7. 
Chapter 7 
Simulation Results 
In this chapter, a simulation based on the distributed model described in Chap- 
ter 3 is correlated with experiments, the parameters used in the simulation were 
those identified in Chapter 6, including the results for the unstalled compressor 
characteristic curve. 
The siniulation of the open loop compression system is compared with exgeri- 
mental data for the compressor performance characteristic (as was shown previously 
in Chapter 6) , the stall cell growth rate, and the amplitude of the surge cycle. In ad- 
dition to comparisons between open loop simulation and experimental data, match- 
ing of a sinlulation of the air injection rotating stall controller with experimental 
results is explored. 
First, the model for continuous air injection derived in Chapter 2 is investigated 
much the same way as the open loop model was investigated, with comparisons 
drawn between experimelital data and simulation output. A similar procedure is 
then used to investigate thc continuous air injection case and then the closed loop 
air in~ectioli case. 
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the air injectors relative to the position of the stall cell is presented. This parametric 
study is quite similar to experimental search presented in Chapter 5. The results 
from simulation of the closed loop compressor characteristic are then shown to 
predict the elimination of the hysteresis region associated with rotating stall, as was 
previously found in experiments. 
7.1 Open Loop Simulation 
The previons chapter showed some correlatioiis between experiments and the dis- 
tributed model simulation, and here these issues are addressed in further detail. 
When it comes to modeling for complex systems for control it is important to use 
the lowest order model which captures the relevant system transients. For an axial 
flow comprcssor, there arc many different details which could be selected as impor- 
tant to capture in a modeling effort. The three phenomena which have been selected 
as the most important for control purposes in this work are the size and shape of 
the hysterc.sis associated with rotating stall, the growth rate of the stall cell, and 
7. Simulation Results 
Table 7.1 Simulation parameters for the Caltech rig ill the rotating stall 
configuration. 
Flow coefficient 
Figure 7.1 Piecewise continuous compressor characteristic used in dis- 
tributed model simulations of the Caltech rig. 
the amplitude of the surge cycle. The amount of noise in the system has an effect 
on each of the above areas and is also addressed. 
The parameters used in the open loop simulation of the Caltech rig in the ro- 
tating stall configuration are given in Table 7.1. These parameters were previously 
described in Chapter 3, and further details about each of them can be found there. 
Figure 7.1 shows how the compressor characteristic was broken down into three 
polynomials. For flow coefficients below 4 2  and greater than 45 the characteristic is 
assumed quadratic and for flow coefficients between q5z and a cubic polynomial 
was used. Note curve was required to have a continuous first derivative at 4 2  and 
q55, and the derivative at  and 43 were assumed to be zero. 
7.1.1 Hysteresis regions 
One of the most basic aspects of the compressor dynamics that the siinulation must 
capture is the point at which the system transitions to rotating stall. Even the simple 
MG-3 model can capture this aspect of experimental results relatively easily, since 
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in that motlel the throttle setting where the linear stability of the rotating stall cell 
can be selected directly (and when no noise is present is given by the slope of the 
unstalled compressor characteristic, see Chapter 2, equation (2.22)). 
The next step in capturing the hysteresis region is the transition out of rotating 
stall. The MG-3 model doesn't capture this aspect for the Caltech rig, but by in- 
cluding more than the first mode of rotating stall and more complicated expressions 
for the compressor characteristics (the MG-3 model typically models the compressor 
characteristic as a third order polynomial), this can be captured as well. 
For the distributed model simulations of the Caltech rig, the first seven modes 
of rotating stall were modeled (seven modes were used in the open loop tests was 
so that same model could be also be used for the closed loop simulations) and the 
compressor. characteristic was modeled as a piecewise continuous function, based on 
the identification data presented in Chapter 6. This piecewise continuous curve was 
constraintetl to agree with experimental data taken of the compressor characteristic 
in the steady unstalled operating region. 
Figure 6.11 showed a comparison of the hysteresis regions obtained in experimen- 
tal tests compared with the results from the distributed model simulation, and that 
the throttle settings at which the simulation predicts that the system will transition 
to and from rotating stall matches quite well. 
7.1.2 Stall cell  g r o w t h  rate m a t c h i n g  
In order to tlevelop a simulation to test controllers for rotating stall in a compression 
system, capturing the stall cell growth rat)es (the plural refers to the fact that 
the growth rate is a nonlinear function of the amplitude of the stall cell) is very 
important. This aspect of the dynamics is actually an extension of matching the 
size and sliape of the hysteresis loop since matching the hysteresis loop involves 
getting the sign of the growth rate correct at two particular points. 
The matching of the staii cell growth rate is one of the benefits of using a fuii 
nonlinear model for the rotating stall dynamics. If the model captures the growth 
rates correctly, then it gives a good estimatc of how fast a controller must react in 
order to reject disturbances before they develop into full rotating stall. Figure 7.2 
shows the growth rate of the amplitude of the first mode of rotating stall compared 
with experiineiital data from the Caltech rig. It is easy to see the nonlinear effects 
as the stall cell begins to grow. To the left of the peak, the slope of the compressor 
characteristic is positive, a.nd it is this positive slope that dictates the linear stability 
of the first; mode of rotating stall (see Section 2.2.3). As the flow is decreased 
from the stalling mass flow rate (as occurs during the transition to rotating stall), 
the slope typically increases. This causes the growth rate to increase as the stall 
cell initially begins to grow. The nonlinear effects clearly soon take over and the 
amplitude of' the stall cell reaches equilibrium. 
7.1.3 A m p l i t u d e  of  s u r g e  cyc le  
In the sim~~lation, the coupling between the surge dynamics and the rotating stall 
dynamics is best addressed in conjunction with how noise affects the size (in the @ 
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Figure 7.2 Comparison between simulation and experimental data for 
first mode rotating stall growth rate. 
versus Q plane) of the surge limit cycle. Since amplitude of the rot,atiilg stall cell 
greatly affects the effective compressor characteristic (as was shown in during the 
identification scheme presented in Section 6.2 for both the model and experimental 
data), some method for exciting rotating stall during simulated surge oscillations 
must be included. Figure 7.3 shows a comparison of the size of the surge limit cycle 
for different amplitudes of noise exciting the rotating stall modes. Experimental data 
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amplitude of the rotating stall excitation effects the amplitude of the surge cycle very 
strongly. Increasing the noise amplitude clearly brings the simulation results closer 
to the experimental data. One reason for the discrepancy is that on the Caltech 
rig the noise amplitude is dependent on the flow coefficient. This was determined 
by measuring how much the static pressure transducers in the compressor annulus 
deviated from their mean value at  different flow rates. This could only be done on 
the right side of the peak of the compressor characteristic where the rig was not 
stalled. The results of these measurements showed that the noise amplitude varied 
by at least a factor of three. The determination of the relationship between the flow 
rate and the noise amplitude is still an open issue on the Caltech rig. 
In addition to the amplitude of the surge oscillation cycle the frequency of the 
surge oscillation is affected by the amount of rotating stall present during the surge. 
Figure 7.4 shows a comparison between the amount of noise present and the period 
of the surge oscillation. Since the mount of noise present dictates how large the 
rotating stall will grow over a single surge cycle, and the amount of rotating stall 
affects the frequency of surge cycle, the noise becomes a parameter in the system for 
matching experimental data. Table 7.2 shows the value of the surge frequency for 
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Figure 7.3 Comparison of surge cycle amplitudes for different ampli- 
tudes of noise. Experimental results for the surge cycle is shown as a 
gray line. 
Figure 7.4 Surge frequency as noise arnplitude is varied. The increased 
amount of rotating stall decreases the arnplitude and period of the 
surge cycle oscillation. 
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Table 7.2 Surge frequency as noise amplitude is varied. Increased 
amount of rotating stall increases the surge cycle frequency. 
Noise Amplitude 
0.0 
each of the noise amplitudes presented in Figures 7.3 and 7.4. For comparison, the 
frequencies obtained for the two different surge cycles that occur on the Caltech rig 
(see Figure 6.1) were 1.4 and 1.8 Hz. Again, in order to match the experiment more 
closely the noise amplitude would need to be made a function of the flow coefficient. 
Surge Frequency (Hz) 
1.33 
7.1.4 Noise issues 
The identification scheme presented in Section62 results in parameters and a corn- 
pressor characteristic. A distributed model simulation of the compressor system 
with these results does not produce output that is comparable to the experimental 
measurements of the system states without a good model of the noise level in the 
experiment. This is particularly true for simulations of the surge dynamics since 
the amplitude and frequency of the oscillation is directly affected by the amount of 
rotating stall present. In the simulation, noise is continuously required to perturb 
the system away from the invariant zero amplitude stall cell solutioil (see equa- 
tion (2.22)). This issue was touch on in the proceeding subsections, and is further 
addressed here. 
Simulations were performed with different amplitudes of noise to determine how 
the simulation predicted the amplitude (and location) of the surge cycle would be 
affected. The noise was introduced into the local flow coefficient variables, i.e. 
where q5endstep(8, t )  refers to the fact that the noise was added to the flow variables 
a t  the end of each time step, before the next integration step. The mo1,ivation for 
introducing noise in this was to allow a single noise inodel to affect the system 
dynamics of the compressor system and the sensor dynamics of the control system. 
Another noise model which is more popular for simulating compression systems is 
given by 
where the noise is introduced as a perturbation on the pressure rise delivered by the 
compressor. This model contains the fact that the determination of the compressor 
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performance characteristic is uncertain. The two models are roughly equivalent 
since 
The motivation for using this model for adding noise into the system is that it 
allows a single model for rioise to be used to introduce noise into both the stall 
call cornputtation and into the system dynamics. The simulation produced similar 
results for either noise model. 
7.2 Continuous Air Injection Simulations 
In order to perform simulations of the continuous air injection on the Caltech rig, 
the shifted compressor characteristic must be identified, as well as the amplitude 
of the mass and momentum that the air irijectors add to the flow. The simula- 
tions presented here for the actuated compression system includes the dynamics of 
the actuators were included as described in Section 3.2 and both the Compressor 
characteristic shift and the mass/momentum addition effects are included in this 
simulation. 
Again, it should be noted that it is clear from the analytical results of Sec- 
tion 2.3.1 that a shift of the compressor characteristic is not enough to eliminate 
the hysteresis region for the case where contirluous air injection case and the unac- 
tuated case have overlapping hysteresis regions. The experimental results of Sec- 
tion 5.1 thai this is the case. The experiments of Section 5.2 show however that more 
than just the compressor characteristic shifting effects are important for eliminating 
the hysteresis region. Further details on the simulation of open loop continuous air 
injection arc presented later. 
7.3 Closed Loop Air Injection Simulations 
The closed loop air injection simulations are based on the 2-D air injection con- 
trol law presented in Section 5.2. The dynalnics of the actuators were included as 
described in Section 3.2. In order to improve the stability of the simulation, the 
unsteady loss dynamics time constant was increased from TL = 0.15 (used in the 
unactuated simulations, see Table 7.1) to q, = 0.35. Without this increase, the 
highest mode in the simulation tended to go unstable (which would indicate that 
more modes need to be simulated). These instabilities seem to be caused by the 
discrete na.t,ure of the air injection, and would be eliminated by air injection that 
acted in a smoother way. This increase in this time constant does not drastically 
affect the size of the rotating stall hysteresis or the growth rate of the rotating 
stall. Note that both the compressor characteristic shift and the mass/momentum 
addition eff'ects are included in the simulation. 
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Figure 7.5 Shifted compressor characteristics. 
7.3.1 Parametric study on simulations 
The geometric parameters associated with the distributed model were first calcu- 
lated from physical measurements of the Caltech rig, and initial guesses were taken 
for those that remained. The simulation parameters were then adjusted (specifically 
the compressor characteristics) to match the rotation and growth rate of the transi- 
tion to rotating stall and to match the pressure rise delivered during fully developed 
rotating stall. Compressor characteristics were determined for both the no air injec- 
tion (NAI) and continuous air injection (CAI) cases, as per the experimental data 
shown in Figure 5.3. 
Since the sirnulatier, parametric study wi!! comparc !haw controllers respond to 
a disturbance from the peak of the unstalled compressor characteristic (as was done 
for the experimental setup), the compressor characteristics for the two cases were se- 
lected so that stall occurred at the same point as determined experimentally (there is 
a slight discrepancy to account for the noise in the experiinental setup). In addition, 
the characteristics were adjusted so that the open loop sirrrulations corresponded to 
the behavior observed experimentally at the transition to stall and at recovery from 
rotating stall. For this reason, the simulated open loop characteristics do not match 
up perfectly with those observed experimentally over the entire hysteresis region. 
In order to correct these errors, the details of fully developed rotating stall would 
have to be modeled over the entire range of the throttle settings, and a substantially 
more complicated model would be required. 
The next step was to simulate the open loop air injection case with a non-uniform 
compressor characteristic. From the characteristics shown in Figure 7.5; the equiv- 
alent local compressor characteristic for the stations where air injectors are located, 
Qcsh, can be determined. This was done by requiring that the average characteristic 
obtained when using the characteristic shown as a solid line in Figure 7.5 have the 
same value as that obtained when using the locally shifted characteristic at three 
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Figure 7.6 Hystcl.esis loop for simulation continuous air in~ection com- 
pressor characteristic. Simulation data points are denoted with an 
X.  
stations (clash-dot line in figure), and the average nominal compressor characteristic 
(shown as i L  dashed line in the figure) at the remaining stations. 
Figure 7.6 shows the compressor characteristics used in simulation for the con- 
tinuous air injection case, as well as the experimental results for the same situation 
for ~ompa~rison purposes. The figure shows that the simulated and experimental 
hysteresis regions match quite well. 
7.3.2 Parametric study 
The goal of the simulation based parametric study was to determine the optimal 
control strategy based on a model for the compressor. In particular, a search for 
the optimal phasing for the activation of each air injector relative to the measured 
position of l,he peak of thc first mode stall disturbance was performed. 
The coiitrol algorithm was essentially the same as the one described in Figure 5.4 
in Section 5.2. The major difference was in the implementation of what corresponded 
to activating the air injectors for j e ton  number of servo-loops in the experimental 
study. This was accomplished by activating each air injector when the magnitude 
of the first inode disturbance became greater than some threshold magnitude and 
the phase of the first mode disturbance was within a pre-specified window. The 
threshold magnitude was based on the noise level in the experimental determination 
of the maguitude of the first mode. 
In terrns of the logic of Figure 5.4, this corresponds to setting jeton to 0 and 
window to 120 degrees, and running the servo-loop at an infinitely high rate. This 
102 7. Simulation Results 
Figure 7.7 Simulation parametric study: dark regions correspontl to 
good controller performance. 
is roughly how the control algorithm behaved in the experimental studies. This 
algorithm was used to simplify the simulation code and vastly decrease its running 
time. 
As in the experimental study, the phasing of each air in~ector was independently 
varied in 30 degree increments. For each controller testcd, the average amplitude 
of the first mode stall cell was recorded. Analogously to the experimclltal results 
of Figure 5.5, the simulation results are shown in Figure 7.7. The simulation study 
predicts the same periodic trends for the optimal phasing as are seen in the experi- 
mental data. 
In all the simulations, the same initial stall cell disturbance (both in magnitude 
and phase) was used. It should be noted that this and the nonlinear growth rate of 
the stall cell cause any symmetries in the plots of Figure 7.7 to break down, i.e. we 
:t.=u!d r,st expect the  p!ds ta be shiftzd versims of onc another because while the 
geometry of the system is symmetric, Ihe initial conditions are not. 
7.3.3 Closed loop compressor characteristic simulations 
The closed loop characteristic for the optimal controller obtained via simulation 
is shown in Figure 7.8. The hysteresis region has essentially been eliminated, as 
was determined experimentally. The transition to rotating stall is also gradual, 
i.e. there is no jump from zero stall to fully developed stall. These two results, 
along with the matching of the trends between the experimental and simulation 
parametric studies strongly support the air injection model presented here. Further 
work on refining the model will focus on using numerical techniques to determine 
the bifurcation characteristics, and coupling surge controllers with the pulsed air 
injection controller for rotating stall. 
It should be noted that the mass/momentum addition terms are quite impor- 
tant for obtaining the elimination of the rotating stall hysteresis. Figure 7.9 shows 
the closed loop compressor characteristic that results if the mass and lnomentum 
addition terms are left out of the simulation. The hysteresis region is clearly not 
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Figure  7.8 Simulated closed loop compressor characteristic. Simulation 
data points are denoted with an x, 
D~str~buted Model: Shifted Characteristic 
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Figure  7.9 Simulated closed loop compressor characteristic without 
mass/momentum addition terms. Simulation data points are denoted 
with an x. 
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eliminated. This suggests that an analysis on a low order (MG-3 level) roodel which 
includes these terms may be insightful. 
7.4 System Level Considerations 
There are several issues to be addressed when adding a closed loop colltroller for 
rotating stall or surge to an engine. Answering all of the questions which arise is 
beyond the scope of this thesis, but the more important of these issues are outlined 
below. The topics addressed include the use of recirculation for air injection control, 
the wasteful nature of bleed valve controllers (they dump pressurized air to atmo- 
sphere), and the effects of rotating stall and surge controllers on the tlownstream 
components such as the combustor and turbine. 
7.4.1 Recirculation for air injection controllers 
Before a real engine will be outfitted with an air in~ection actuator for control of 
rotating stall, it must be determined where the injected air will come from. One 
option for developing the injection air is using a small compressor drivcii off of the 
main engine. 
In order to determine the feasibility of this actuation method, analysis based on 
the steady state operation of the 2-D air injection controller running oil llle Caltech 
rig was performed. In this comparison, the amount of control effort expended to 
accomplish the control is subtracted from the amount of' useful work delivered by 
the compressor. 
Figure 7.10 shows the closed loop compressor characteristic for a contl.oller which 
uses pressurized air from downstream of the compressor to generate the air to be 
used by the injectors. The plots in the figure were generated by assuming that 
the energy rewired by the air il;l;ecti~n cmtre? !avi ~eul:! be dr2-w:: from the f,~;;. 
directly downstream of the compressor. A family of curves obtained by assuming 
different efficiencies (7, 10, 17, and 50%) for the device which supplies the injec- 
tors is presented. The horizontal axis shows the effective flow rate through the 
combined compressor/actuator system (i.e. air drawn off' to power the air injectors 
is not available for use in the combustor/turbine). Figure 7.10 implies that if the 
compressor is operated for extended periods to the Peft of the peak, a, significant 
amount of flow (which would normally be used for producing thrust) wollld be used 
by the actuator. For short duration operation to the left of the peak. a plenum 
could be used to store enough air to drive the injectors, and there would be no drop 
in the effective flow through the compressor. These considerations suggcst that the 
air injection controllers presented here are best suited for disturbance rejection, not 
for stabilizing the system while it is operated on the lcfi side of the compressor 
characteristic peak. 
The flatness of the peak of the compressor characteristic shown in Figure 7.10 
is somewhat misleading. This flat range is not useful as an operating region; it 
represents the transition from no control action to full control action, which occurs 
nearly immediately for throttle settings to the left of the peak of the chaa.acteristic. 
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Figure 7.10 Effective compressor characteristic for experimental air in- 
jection controller data. Dashed curves correspond to air injection 
recirculation of different efficiencies. 
%,4.2 Bleed valve controllers 
Before a mtating stall control system will be installed on a jet engine, the 
mass/momentum/energy used to drive the actuator will have to be compared to 
the amount of energy delivered by the compressor when the actuator is operating. 
All forms of actuation will therefore penalize rig operation in some way. With a 
bleed type actuator, the j ~CCOI??p!iShed hxr -J allnxnrincr - - - vvuA  qnrne nf the nrpn- 
o ----" -- "--- r-"- 
surized flow on the back side of the compressor to leak out to the atmosphere. This 
is true for ~otat ing stall controllers and for surge controllers. Clearly, in this situa- 
tion the colnpressor does useless work by compressing air that will not be used. If 
the amount of compressed air is substantial, this sort of control law must also be 
used only for disturbance rejection. 
It is difficult to compa.re the different sorts of actuators for controlling rotating 
stall. Computing the aniount of energy in the air which must be bled for the 
bleed valve controller to function and the amount of energy required for an air 
injection actuator to accoinplish the same task is one method which. could be used 
to determine the best controller for a given task. 
7.4.3 Effects of controllers on downstream components 
Before any of the air injection rotating stall controllers can be implemented on a 
real engine, a detailed analysis which includes the thermodynamic effects of bleeding 
air from downstream (or iiljecting air upstream) of the compressor will be required. 
This is also true for the bleed valve control strategies currently under development 
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(see Section 1.2.2 for an overview). This sort of analysis would focus on tletermining 
the temperature changes which occur at the turbine inlct (one of the llkely places 
for overheating) when the controller is active. 
In Chapter 1 the stability stack reduction in the size of the stability stack was 
described as one of the motivations for using active controllers on engincs. In order 
for the ideas presented there to be fully applicable, the thermodynamic efficiency 
obtained when operating above the nominal steady-state operating line must be 
must be computed. If operating in the new region (with a controller) is substantially 
less efficient than in the original operating region (without a controller) the control 
system may not be useful. 
In addition to the steady thermodynamic analysis descl ibed above, a full analysis 
of the transient effects that active control may introduce is also required. The 
transient effects caused by the controller which must be considered include any 
plenum pressure fluctuations which occur downstream of the compressor, thermal 
transients, and blade loading. The pressure fluctuations are particularly important 
because they may cause problems for the combustion process (the main purpose of 
the engine is the combustion). The other effects must be addressed b~cause they 
may effect the lifespan of the engine. The controller may eliminate rotating stall 
and surge, but may stress the engine components in ways nearly as damaging. 
The sort of steady state thermodynamic modeling and transient analysis de- 
scribed above is not an issue on the Caltech rig, but would certainly bc important 
on any real engine. The level of modeling requires detallccl information about engine 
performance; information which is usually not available outside of engille manufac- 
turing companies. 
Chapter 8 
Conclusions 
This chapter contains a summary of the work presented in this thesis as well as some 
ideas for future work in the control of axial flow compressors. The summary doesn't 
contain the exact details of each piece of analysis, simulation, or experiment; these 
results are contained in the individual chapters. 
8.1 Summary 
Part of the focus of this thesis was to develop a model which explained the air 
injection control strategy that was developed through experiment on the Caltech 
rig [7]. The starting point of this modeling work was the Moore and Greitzer model 
for axial flow compressors [35]. As a first cut, the MG-3 model was extended 
to include the effects of air injection (as a shift in the compressor performance 
characteristic) and bifurcation analysis was performed to determine how the closed 
loop system dynamics are different from those of the open loop system. This low 
order model was then shown to capture qualitatively some of the effects seen in 
experiments and used to select parameters for the placement of the air injection 
actuators. The optimal choice for how the air injection should shift the steady state 
performance characteristic for control purposes was determined based on this low 
order model. 
An experimental parametric study of the geometric parameters of air injection 
was performed, and the optimal choice of parameters for control purposes (based on 
the previous low order model analysis) was determined. Experiments which better 
characterize the results that the models capture were presented. It was shown that 
the hysteresis region in the compressor performance characteristic can be eliminated 
if air is injected using 1-D and 2-D schemes. For the 2-D air injection scheme, this 
was shown to be true even when the shifted steady state performance characteristic 
had a hysteresis region which overlapped that of the unshifted characteristic. The 
rotating stall controller wa.s also shown to be beneficial in damping out surge os- 
cillations. A throttle bascd surge controller was implemented and shown to create 
new stalled equilibria in the process of eliminating surge. The combination of this 
surge controller and the air injection rotating stall controller was shown to provide 
better performance than the rotating stall or surge controllers alone. 
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In order to develop simulations which matched experinlental data from the Cal- 
tech rig, investigation of systematic methods for determilling the simulation param- 
eters were developed. In the past, identification has beell based on running large 
number of simulations and adjusting the parameters to the output with experi- 
mental measurements. Now based on direct experimental measurements of system 
transients the open loop simulation parameters can be dctermined. In addition to 
the determination of the basic rig parameters, the methods that were developed 
which succeeded at backing out the shape of the compressor performance character- 
istic in regions where direct measurements were not possible. These methods also 
provided information on the size of the unsteady terms in the pressure delivery by 
the compressor. 
A higher order model, based on the previously described distributed model of 
Mansoux et al. [31], was used to develop a qualitative match between experiments 
and a simulation. The results of this modeling effort compared quite well with the 
experimental results for the open loop behavior of the Caltech rig. The details 
of how the air injection actuators affect the compressor flow and the pulsed air 
injection control algorithm was implemented in the simulation. The simulation 
then predicted the same optimal controller that was obtained through experiments. 
The simulation also reproduced the elimination of the hysteresis region for the closed 
loop compressor performance characteristic. 
8.2 Areas for Future Study 
There are several areas which still need investigation in the control of rotating stall 
and surge, both experimentally and analytically. There are still many interesting 
issues to explore in the area of closed loop control of rotating stall and surge on 
axial flow compressors. 
One of these areas is how distortion affects the controliers presented here. One 
of the largest components in the stability stack presented ill Section 1.1 is distortion, 
and if distortion is treated as a disturbance to be re,jected, closed loop control can 
drastically reduce the amount of margin required to avoid instability. 
The downstream effects of the control strategies presented here need to be in- 
vestigated. It is not clear that the controllers presented will not cause difficulties 
when they are implemented on actual engines. There can be substantial coupling 
between the instabilities in the downstream combustor and the pressure transients 
in the compressor. The Moore and Greitzer model for axial flow compression sys- 
tems doesn't concern itself with the circumferential pert~~rbations that occur on the 
downstream of the compressor. The perturbations may have drastic effects on the 
performance on a downstream combustor. Further modeling efforts are therefore 
required in order to predict how the overall engine responds to active control of 
rotating stall in the compressor. 
The tradeoff between the number of air injectors aiicl the control authority of 
each in~ector has not yet been explored. The results from the closed loop air injection 
rotating stall controller suggest that three independent irljectors are bc tter than a 
single injector (since hysteresis loop was eliminated in one case but not the other), 
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but even though the Caltech rig has a substantial amount of second mode rotating 
stall. On an actual engine, unmodeled effects such as blade loading may have a 
strong influence in this area. 
The Caltech rig is a single stage compressor, and it is not clear how well the 
controllers proposed here would perform on multiple stages. One possibility is to 
introduce some form of control between each stage, but this of course introduces 
much more complexity to the control system (in particular the amount of actuator 
hardware required). 
There is clearly more work to be performed in the area of recirculation as a means 
of obtaining the injection air. The studies presented here show that (if energy is a 
reasonable measure) air injection could be accomplished with recirculation. While 
this is true on the Caltecll rig, the results on a full size engine might not be so 
favorable. Before any closed loop control system for rotating stall and surge is 
implemented in a real engine (inlet guide vanes, bleed valves, air injection, etc.) a 
detailed thermodynamic analysis will be required to determine, for example, the 
effects on the turbine inlet temperature. 
There is still work to be done on developing models which predict the closed 
loop behavior of a compression system. The identification schemes presented here 
give good results for developing open loop models, but they do not address the 
actuated cases. The air iiljection simulation presented in Chapter 7 was developed 
partially from first principles, but also had parameters which had to be tuned by 
matching simulation output with experimental results. This is unlike the open loop 
simulations which matchcd the experimental data quite well without iteration. 
It  is possible to perforin numerical bifurcation analysis on the high order model 
developed to simulate the air injection controller. Using packages such as DsTool 
and AUT094, a full simulation study of the nonlinear dynamics of the closed loop 
simulation could be performed. This analysis might provide insight into the further 
refinement of the controller. The high order models for axial compressors are an 
example of systems where most nonlinear control design techniques break down, 
and the use of numerical dynamical systems analysis packages provide the design 
tools needed to analyze corkroller designs. 
There was no direct design method used for controller development on the Cal- 
tech rig. Most work was done by understanding the basics of how the system behaves 
and then trying to modify that behavior, for the most part through trial and error. 
While the MG-3 model provided useful for the controller analysis, it was not a de- 
sign methodology. The development of systematic methods of controller design is 
therefore an area which needs further work. 
8. Conclusions 
Appendix A 
Experimental Setup Details 
Extensive details on the orignal construction of the Caltech rig were presented by 
Khalak in [26]. This rig has been modified during use in extensive experimentation, 
and more detail on its construction can be found in [27], [9], and [8]. Some further 
details are presented here, including manufacturers and specifications. 
A. 1 Compressor Experimental Details 
Additional details on the construction of the rig are presented here for completeness. 
If you want to build your own compression system, then you might want to read 
this section, otherwise you should probably ignore it, 
A . l . l  Compressor 
The compressor is an Able Corporation model number 29680 axial fan. Table A. l  
describes the exact shape of the rotor. The compressor is driven by a three phase 
electric motor attatched to a variable freql~ency power supply. Ey vzrying the 
frequency of the motor input voltage, the speed of the compressor can be changed. 
The compressor rotor rotates at one half of the input voltage frequency, i. e. 200 Hz 
supply voltage frequency corresponds to a rotation rate of 100 Hz. 
Table A.1 The blade shape parameters are defined as: P set is the angle 
between the chord and the plane of the rotor disk, t / c  is the maximum 
thickness tlivided by the chord, and f /c is the camber ratio. 
Radius (m) 
0.060 
0.066 
,b' set 
51.6 
45.6 
t / c  
. l l  
. l l  
f / c  
0.094 
0.080 
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A.1.2 Plenum and duct work 
The plenum on the Caltech rig is a 4'x4'x4' box made of 314" plywood. Most of 
the ductwork is made of 7" I.D. fiberglass tube, with many of the interchangeable 
subsystems (such as the sensing ring described in Chapter 4) being made of 7" 
I.D. acrylic tubing. The hole pattern on each component is uniform and allows the 
components to be bolted together in nearly any order. 
A.2 Sensing 
The Caltech rig is instrumented pressure transducers and with hotwire anemometers. 
The pressure transducers were used for tracking the stall cell during open loop 
measurements of the stall cell growth rate and for the closed loop control of rotating 
stall as described in Chapter 5. The hotwires were used tbr investigating the local 
flow rate in the compressor annulus during the transition to rotating stall and for 
sensing the unsteady axial flow rate (during surge cycles fbr example). 
A.2.1 Pressure transducers 
The pressure transducers used on the rig are all made by Honeywell Micro Switch. 
These transducers are availible in several different pressure ranges. On the inlet side 
of the CaPtech rig, the transducers all have a range o f f  2.5" 1-120, and on the outlet 
side the transducers have a range of + 5.0" H20.  The bandwidth of these sensors is 
approximately I kHz. With a supply voltage of 8 volts, the output of these sensors 
range from 1 to 6 volts, with zero pressure corresponding to approximately 3.5 volts. 
A.2.2 Hotwire 
,771 Ine  hot-wire anemometers used on the rig are made by DAiWEC, and are modei 
number P11. These are platinum plated tungsten wires, and can measure velocities 
up to 200m/s in air. The hot-wire signal is conditioned by a MATILDA Meter 
constant temperature bridge. This bridge is custom equipment available for loan 
from the Caltech equipment pool and may not be widely availible. 
8.3 Actuation 
There are three main actuators on the Caltech Rig which were used for the work 
presented here. The are the air injectors, bleed valve, and the downstream throttle. 
Only the first two of these are useful for active control, the third is used to set the 
operating point of the rig. 
A.3.1 Air injectors 
The air injectors consisted of high speed soliinoid valves designed for use in metering 
natural gas into piston engines. They are manufactured by Servo Jet Inc. and are 
supplied by Clean Air Partners. Since the air injectors are a major focus of the 
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work presented here, extcnsive detail on them is presented in the Appendix C. The 
bandwidth of the valves is approximately 200 Hz, and the flow rate through them 
is a function of the supply pressure. 
A.3.2 Bleedvalve 
The bleed valve is a custorn built butterfly valve and is controlled by a simple servo 
motor. The angle of the valve is downloaded to an HCTLllOO (by Hewlet Packard) 
which then sends a Pulse Width Modulated signal an amplifier which drives the 
motor. An optical encoder (HEDS 5500 by Hewlet Packard) is used for this position 
feedback. 
8.3 .3  Throttle 
The setpoint for the rig is set using an plate at the end of the compressor downstream 
duct. The position of the throttle can be controlled from the computer using a 
stepper motor. 
A.4 Interface Hardware 
The DAS1602 by Keithley Metrabyte (and the clones by Computer Boards Inc.) 
provide up to 16 channels of bipolar A/D, 2 channels of D/A, an auxilary parallel 
port for digital signals. The A/D channels were used to sample the pressure trans- 
ducers and the hot-wire anemometer. While the board has 16 channels of AID, only 
8 could be used at the typical access time of 2000 Hz. The auxilary parallel port 
was used to control the binary aspects of the rig such as: compressor motor on/off, 
air injector onloff, and downstream throttle c?pcning/closing. 
A.4.2 Filters 
There are three separate hardware filters used on the rig. This does not include ad- 
ditional filtering that inay be done in software in the servo-loop (using Sparrow [36]) 
or filtering that may be tloiie after the data is collected (using MATLAB@ for ex- 
ample). 
Passive analog filters 
A bank of resistors and capacitors is soldered directly on the input multiplexor of 
the DAS1602 board. These filters are required to reduce the amount of electrical 
noise (this noise is generated by the motor power supply) on the AID lines. 
Active analog filters 
A series of active analog filters from Frequency Devices Inc. is used for anti-aliasing 
of the transducer and aliernoineter signals before sampling. These filters are low 
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pass four pole Bessel filters and are resistor programmable for cut-off frequencies of 
10-5000 Hz. These filters were used with cut-offs of 500 or 1000 Hz. 
Digital filters 
These filters are from Krohn-Hite, and were used in the low pass, four pole Bessel 
mode. These were typically used as anti-aliasing filters with cut-off frequencies 
s f  500 or 1000 Hz, but were also used as signal conditioners during closed Poop 
operat ions. 
A.4.3 Data acquisition 
The data acquisition is performed using a Pentium based PC. All experimentat- 
ing was controlled using the Sparrow real-time control lternal as described in [36] .  
Sparrow provides a set of C routines for accessing I/O boards. Capibilities include 
executing servo-loops, digital filtering, capturing data, a i d  real time data plotting. 
Appendix B 
Unactuated Rig Behavior 
This appendix contailis ;~dditional experimental data which was useful for charac- 
terizing the behavior of the rig. The data presented here includes measurements 
of the pressure rise dclivcred accross the compressor components and detailed mea- 
surements of the transition to rotating stall in the compressor annulus. 
B.l Pressure Rise delivered by Rotor and Stator 
The total pressure rise delivered by the compressor is divided into two parts, that 
developed over the rotor and that developed over the stator. On the Caltech com- 
pressor rig, roughly 95% of the pressure rise occurs across the rotor. Figure B.l 
shows the pressure rise delivered by each compressor component for a variety of 
flow rates. The measure~nents were performed by measuring the static wall pres- 
sure on each side of the rotor and on each side of the stator using the pressure 
tranducers described in Appendix A. The data presented in the figure was taken 
with the rig unstalletl. When the rig is operating in a stalled condition, there is a 
pressure drop accross thc stator of nearly 20% of the total pressure rise delivered 
by the compressor. 
B.2 Transition to  Stall 
In order to understand {,he development of the rotating stall in the Caltech rig, 
detailed experimental measurements were performed. Some of the results of these 
measurements are preseiit ed here; these include hotwire measurements of the two 
distinct types of rotating stall (first mode dominated and second mode dominated) 
events that were previously described in Section 4.2.2 and span wise hotwire mea- 
surements of the transition to rotating stall. 
B.2.1 Hot-wire imeasurements of multiple stall modes 
Two stable types of stalled operation have been found on the Caltech rig; time 
traces of each type axe shown in Figure B.2. One type consists is dominated by 
the first mode, where the first mode corresponds to a pressure perturbation around 
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Figure B.l Percentage of total pressure rise delivered across the rotor 
and the stator. 
the compressor annulus which has a single minimum and a single maximum (upper 
plots in Figure B.2), and the second type is dominated by tht: second mode (lower 
plots in Figure B.2). From the hot-wire measurements presented here, it is not 
clear that that the second type of stall is not a single mode type disturbance which 
rotates around the compressor annulus at twice the speed of the first type of stall, 
but this description has been verified using multiple sirnultaneous static pressure 
measureme~ts areand the ansulus. 
lB.2.2 Hot-wire measurements over span 
A hotwire anemometer was placed in the compressor anilulus upstream 0.2 rotor 
radii upstream of the rotor face, and measurements of tlle local flow rate were made 
as the rig transitioned from unstalled to stalled conditions. The measurements show 
much higher fluid noise near the tip than near the hub, as well as a decrease in flow 
sate at  the tip. 
The increased noise level suggests that the rotating stall may begin near the tip 
of the rotor. The growth rate of rotating stall disturbances seems to be lower in 
the tip region (multiple data sets of stall inception in tlle tip region were taken and 
this trend persists), this can be seen in Figure B.3 in the time trace for the hot- 
wire at 0.75 span position. Transition to full rotating stall takes at  least two full 
cycles, where as the other positions the transitions is much more abrupt. Flow rate 
measurements over at several span-wise positions need to be taken simultaneously 
in order to verify this. 
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Figure B.2 Two different compressor system states for a fixed throttle 
setting. 
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Figure B.3 Hotwire measurements near the rotor face at various span 
positions. 
Appendix C 
Characterization of Air Injectors 
This appendix deals primarily with the air injection system in place on the Cal- 
tech compressor system. The Caltech rig has been previously described in [5],  [9], 
and [27], so the description presented here will be minimal. Figure C.l gives a de- 
scription of the air injectors installed on the Caltech rig and some numbers which 
help describe the system. and Figure C.2 shows the compressor characteristics for 
the Caltech rig without and with air injection (at the optimal angle). 
@. 1 Flow Characterization Measurements 
The air injectors are supplied with compressed air from the building reservoir at  
60 psi. It should be pointed out the 60 psi is measured far upstream of the air 
injector control valves. Hot-wire measurements were performed to measure the 
velocity profile of the air injection at the compressor face and presented in [9]. The 
injected air was found to disperse from 3 mm at the exit of the injector to 2 cm at 
the compressor face, this dispersion occurs over a distance of 8.9 cm (the distance 
between the exit of tile air injector and the face of the compressor face.) The vebcity 
profile of the injected air at the compressor rotor face is shown in Figure C.3. 
The compressor performance characteristics for the Caltech rig are shown in 
Figure C.2. The figure also shows the decrease in the size of the hysteresis loop for 
the air injected case. 
In the sections to follow, some calculations showing the amount of mass, momen- 
tum, and energy flux that the air injection control scheme adds to the compressor 
system are presented. The values computed are small compared to the values for 
the overall compression system, suggesting that the air injectors may be an efficient 
method of increasing the performance of the system. It should also be pointed out 
that the numbers computed are for continuous air injection (i.e. they correspond 
to the maximum control x~lthority), and our control strategies operate the injectors 
intermittently. 
All computations are performed based on the compressor performance at the 
peak of the unactuated conlpressor characteristic. 
C. Characterization of Air Injecl,ors 
Veloci !,y vector diagram 
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Figure C.l  Air Injection on the Caltech rig: some physical parameters. 
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Figure C.2 Compressor performance chara~terist~ic for Caltech rig, 
without air injection: dashed line, with continuoms air injection: solid 
line (corresponding to -30 degrees in Figure 4.7). 
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Figure  C.3 Velocit,y profile of the injected air a t  the compressor face. 
The points inarkcd with o correspond to mean (z) value of the velocity 
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two standard deviations (zf 2~7).  The solid line corresponds to a least- 
squares polynonlial fit of the % values, and dashed lines correspond to  
polynomial fits of the 3: i 2~ values. 
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Table C.l  Coefficients used to fit the experiinentally measured air in- 
jector velocity profile shown ill Figure C.3. 
C.l . l  Mass flux 
The amount of mass flow through the compressor can be taken directly from the 
compressor performance characteristic shown in Figure (2.2, and is given by m/p = 
0.19 m v s .  The mass flow introduced by a single jet is given by the integral 
where R is the radius over which the injected air has an effect, V, (r) is the velocity 
of the injected air as a function of the distance from the center air jet r ,  and p is 
the density of air. The experimentally determined profile is given by 
where ai are determined by the polynomial fit to hot-wire rrleasurements of the 
air injector velocity profile. The coefficients for the polyllonlial fit to the velocity 
profile were determined for three cases. The first correspoiids to a fit of the average 
velocity values measured via the hot-wire, the second (worst case) corresponds to a 
fit of the mean value at  the point plus two standard deviatioiis, and the third (best 
case) corresponds to a fit of the mean minus two standard deviations. The worst 
case corresponds to the air injectors disturbing the flow by the largest amount, and 
the best case corresponds to the least amount of disturbance. The values of the 
polynomial coefficients (the ai) are given in Table C.1. 
The final result was a range for the air in~ector mass flux with the mean value 
of h = 0.0039 kg/s per jet, or that the mass flow added by all three air injectors 
running continuously is 5.0% of the total mass flow through the compressor. The 
upper bound for the mass flux (calculated using the upper dashed curve [mean plus 
two standard deviations] in Figure C.3) was computed as m = 0.0050 kg/s per jet 
and the lower bound (calculated using the lower dashed curve in Figure C.3, i.e. 
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mean minus two standard deviations) was computed as m = 0.0029 kg/s per jet, or 
for three jets on continuotlsly, 6.4% and 3.7% respectively. 
These numbers were vt\iified for the mass flow through one actuator by collecting 
the air released from the irijector when it was opened for a known amount of time. 
The result was a value of' ,m = 0.0036 kg/s, which compares quite well with the 
results presented for the Ilot-wire measurements. 
C.1.2 Momentum flux 
The momentum flux introduced by the air injectors is also a measure of the control 
authority of the actuators. The momentum flux into the compressor without air 
injection is given by 
where Rai and R,, are the inner and outer radii of the compressor annulus, %r,(r) 
is the velocity profile in the. compressor annulus as a function of distance from the 
center of the duct r,, and p is the density of air. For the Caltech compressor rig, 
Va,',(ra) can be assumed to  be a constant over the compressor annulus, and has a 
value of V,(r,) = 16.3 m/s, R,, = 0.060 rn, and R,, = 0.085 an. Equation (C.3) 
then reduces to 
where A, is the area of tho compressor annulus. For the Caltech rig the momentum 
flux into the compressor is then pa = 3.79 kg m/s2. The momentum flux introduced 
by the air injectors is givcm by 
where the variables are as defined in the mass flux section. The values for the mo- 
mentum flux introduced by the air injectors were computed based on the previously 
described polynomial fits to the experimentally determined air injector velocity pro- 
file. The results are, a mean value for aij = 0.090 kg m/s2, with upper and lower 
bounds given by pJ = 0.140 kg m/s2 and pj  = 0.052 kg m/s2 respectively. For three 
jets on continuously this corresponds to a mean value of 7.1% and upper and lower 
bounds of 11.1% and 4.0% respectively. 
C.1.3 Energy flux 
In this section the calculations for the energy produced by the compressor compared 
to the amount of energy a.dded with the air injectors are shown. 
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Table C.2 Results of control authority cnlculat,ions. 
The amount of work done by the compressor is give11 by 
where m is the mass flow rate through the compressor, AP is the pressure rise across 
the compressor, and p is the density of air. It should be ilotetl that the simple form 
of the above equation is due to the very low pressure ratio of the Caltech rig, i.e. 
the temperature and density changes across the comprcssor arc negligible. 
For the Caltech rig near the stall point, % = 0.19$ arid AP = 940 Pa, and 
therefore Vk = 180 watts. 
The amount of energy added by each of thc Jets c;~ii calculated by using the 
polynomial fit to the experimentally determined velocity profile shown in Figure C.3. 
The energy flux added by each jet is given by 
where the variables are as previously defined. The values for the energy flux were 
computed based on the previously described polynomia.1 fits to the experimentally 
determined air injector velocity profile. The final result was a range with the mean 
value of .l? = 2.3 watts per jet, or that the power of three air injectors running 
continuously is 3.8% of the total power that the compressor produces. The upper 
bound for the energy (calculated using the upper dashed curve in Figure C.3) was 
computed as 4.16 watts per jet and the lower bound (calculated using the lower 
dashed curve in Figure C.3) was computed as 1.13 watts per jet, or for three jets 
on continuously, 6.9% or 1.9% respectively. 
C.1.4 Summary 
The measurements and calculations presented here for tlle control authority of 
the air injectors installed on the Caltech compressor rig are summarized in Table C.2 
and show that the actuators are not substantially pertuiljing the flow through the 
compressor. The values computed here are upper bounds for the amount of control. 
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effort that could be cxpentl(:d using the air injection scheme, and they correspond to 
the continuous full actuatio~i case. The mass flow calculations based on the hot-wire 
measurements were verificcl by second measurement scheme. 
There are several open issues to still be addressed in connection with air injection 
actuation. Included in thesc: issues is deciding if these calculations are good measures 
of control autlzority for ail injection actuation, particularly as the system is scaled 
to full size gas turbines. 11 good measure will be one that decides what amount 
of control authority is too much and what amount is trivial. If it is determined 
that these are not good iileasures, then better ones need to be identified. The 
introduction of air injection t;o other compressor systems will help to answer this 
question. 
One possible method for determining if the measures presented are good ones is 
by determining if the mass/momentum/energy flux introduced by the injectors on 
the Caltech rig can be duplicated by a recirculation system. If the values cannot be 
reproduced, the maximunl amount of each of these quantities that recirculation can 
provide needs to be determined. This is part of ongoing work, where measurements 
will be performed to determine the recirculation flow velocity profile; however, the 
Caltech rig is limited in ter~iis of recirculation by its low pressure ratio. Comparisons 
between the velocity profile: at the rotor face and that at the exit of a recirculation 
network might be one way of making feasibility calculations (for air in~ection actu- 
ation) for other systems a i d  also allow the determination of realistic numbers for 
each of the control authori1.y measures described here. 
C.2 Air Injector Activation Lags 
The valve activation and deactivation delays described in Section 5.2.3 were deter- 
mined by measuring the a . i ~  flow leaving the injector ports relative to the command 
cicrnal r n n l i ~ r l  i ; ~  the air i , l ior tnr Figure C.4 .haws and af this tvnn of "'6°C". L"yyLL-u " L.,""""" 
"J J.'" 
measurement. The figurc includes the command signal and two time shifted ver- 
sions of this time signal. The version of the command signal that is shifted by 6.5 
ms (dashed line) rises during the actual power rise of the injected air (solid line); 
this 6.5 ms shift is therefore the activation delay for the air injector. The 4.5 ms 
time shifted version of the command signal corresponds to the deactivation delay in 
a similar way. It should l)e noted that the transport delay from the injector outlet 
to the rotor face is inclutled in these activation/deactivation delay measurements. 
This was accomplished by placing the hotwire probe 9 cm from the injector outlet, 
the same distance that the injector outlet was from the rotor face when the actuator 
was installed on the rig. 
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Figure C.4 Time delay and rise time between comni~iiidcd on signal and 
actual arrivial of injected flow at the compressoi face. 
Appendix D 
Using Static Pressure Measurements 
In the original Moore Greitzer model presented in [35], the equations of motion for 
rotating stall and surge in axial flow compressor systems were derived in terms of 
three variables, the average flow coefficient a, the average pressure rise coefficient 
Q, and the amplitude of t,he amplitude of the first Fourier mode of rotating stall 
A1. The equations are derived by assumiiig that the flow coefficient upstream of 
the rotor face is of the fonrl 
where the flow coefficient perturbation satisfies Laplaces equation, and can be de- 
rived from the potential f'lulction 60 ,  
O0 p17 
a@ = --A, ( t )  sin (n6 + rn ( t )  ) , 
n 
n = l  
and the flow coefficient is 1,hercfore obtained as 
Since potential flow is assumed upstream, these solutions satisfy the Bernoulli (un- 
steady) equation: 
1 80 
~LJ + 61/1 + -(@ + ~ 4 ) ~  + - = Constant. 
2 a7 (D.4) 
Far upstream of the rotor: 
therefore, 
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which gives a solution for the static pressure perturbat~ion 6$ in terms of 64. If a 
single mode expansion is used for the flow perturbation (64 = AL(t)  sin (0 + r l ( t ) ) ,  
then 
sin (0 + rl) + @A1 + A1 sin (0 + r.1) + Alfl  cos (6' + r l ) .  (D.7) 
Equation (D.7) can be expanded to include higher nlodcs as well. 
Using the Moore Greitzer model cited above, the equat,ions obtained by assuming 
a third order polynomial for the relationship between the How coefficient, @, through 
the compressor and the pressure rise across the compressor, !PC(@) are 
Substituting equation (D.lO) into equation (D.7), and clloosing a first Fourier mode 
expansion for S$ one obtains 
+-- sill (0 + q) - 
A? . 2 7 a sin (Q + rl) + Alf1 cos (0 + rl) .  (D. l l )  
On the experiment, the static pressure is measured at six discrete points around the 
compressor annulus. Using a discrete Fourier transform, the amplitude and phase 
sf the first two modes of the rotating stall pressure perturbation can be determined, 
and can be represented as 
S$ = a,  ( t )  sin (0 + rl (t)) + &I (t) cos (0 + 7.1 ( t))  
a 1 
= Bl (t) sin (0 + r1 ( t )  + at;in--). (D.12) 
bl 
By setting the sine moments of equations (D.11) and (D.12) equal, a l  is found as 
and doing similarly for the cosine moments gives b1 as 
(D. 14) 
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This gives a relationship ljct~veen the first Fourier mode amplitude for the pressure 
perturbations B1 ant1 firs1 Fourier mode amplitude for the flow perturbations A1 as 
Using this relation, given @,(a), a, B1, a,  and m, a set of values of A1 can be de- 
termined. For small values of rotating stall (A1 << 1) the magnitude of the pressure 
perturbation will proportional to the magnitude of the flow perturbation, but for 
larger values of rotating stall, this relationship gains a strong dependence on the 
shape of the compressor cl-laracteristic. This linear relationship for small amplitudes 
of stall ~ustifies the power series expansion for the flow coefficient perturbations in 
terms of the static pressure perturbations used to fit the surge cycle data to rotating 
stall in equation (6.11), a s  long as the amplitude of rotating stall is small (< I). 
D. Using Static Pressure Measnl~cments 
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